Melt agglomeration with hydrophobic meltable binders in high shear mixer by CHEONG WAI SEE
MELT AGGLOMERATION WITH HYDROPHOBIC MELTABLE 










CHEONG WAI SEE 









A THESIS SUBMITTED  
 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
 
DEPARTMENT OF PHARMACY 








This thesis is dedicated to 
 
my family for their love, encouragement and understanding, and especially to  






“Success is the ability to go from failure to failure without losing your enthusiasm.” 
Winston Churchill 
 
I would like to thank the many people I came to meet during the course of my study at 
National University of Singapore, for their help, interest and friendship that created an 
encouraging and positive environment for research and allowed me to come this far 
without losing my enthusiasm: 
 
To my supervisor, Associate Professor Paul Heng Wan Sia, for his encouragement 
and guidance throughout these years. His experience and insightfulness not only shed 
lights on my research work but also helped me to have a better understanding of the 
meaning of life. 
 
To my mentor and friend, Dr. Wong Tin Wui, for his selflessness in providing 
scientific evaluation of my research work, his brotherly advice and humour in keeping 
my enthusiasm alive and his passion for science that has always been inspirational. 
 
To the Head of the Department, Associate Professor Chan Sui Yung, and former Head 
of Department, Associate Professor Paul Heng Wan Sia, for the use of the facilities in 
the Department as well as equipment in GEA-NUS Pharmaceutical Processing 
Research Laboratory. I am also grateful to the National University of Singapore for 
providing the research scholarship. Without their support, I would not be able to have 
so much enriching exposure to pharmaceutical research at the academic level as well 
as to various state-of-the-art analytical instruments and processing equipments. 
 
In addition, my thanks are due to the lecturers, Associate Professor Chan Lai Wah, 
Dr. Celine Valeria Liew, Dr. Kurup T.R.R., Dr. Prasad K.P.P., Associate Professor Li 
Shu Chuen, Dr. Ong Chye Peng and Dr. Chan Yiong Huak for enriching my practical 
knowledge of pharmaceutical sciences either through their practical classes or 
lectures. 
 
Many thanks go to Ms. Teresa Ang, Ms. Wong Mei Yin and Mr. Peter Leong Peng 
Soon for their technical assistance whenever needed. I am especially indebted to Peter 
for his assistance in solving engineering problems at various phases of the project. 
Also, I would like to thank Mrs. Teo and Ms. Napsiah for helping me in the 
administrative and candidature matters. 
 
Last but not least, to all the colleagues and friends at GEA-NUS, for their warm 










TABLE OF CONTENTS iv
SUMMARY viii
LIST OF TABLES x
LIST OF FIGURES xi
I. INTRODUCTION 1
A. Overview of agglomeration 1
B. Particle binding forces 2
 1. Attractive forces between solid particles 2
 2. Interfacial forces and capillary pressure in mobile liquid 
bridges 2
 3. Adhesional and cohesional forces in immobile liquid 
bridges 3
 4. Solid bridges 5
 5. Mechanical interlocking 5
C. Methods of agglomeration 6
D. Development of melt agglomeration 9
E. Requirement of melt agglomeration in high shear mixer 13
F. Evaluation and characterization of melt agglomerates 15
G. Formation and growth mechanisms of agglomeration 18
H. Variables of agglomeration in high shear mixer 26
 1. Instrument variables 26
  a. Chopper 26
  b. Impeller design 27
  c. Chamber lining 28
  d. Off-bottom clearance 28
 2. Process variables 29
  a. Mixer load 29
  b. Jacket temperature 29
  c. Impeller speed 31
iv 
  d. Massing time 32
  e. Mode of binder addition 32
 3. Formulation variables 33
  a. Type of meltable binder 33
  b. Binder content 34
  c. Binder viscosity 35
  d. Binder wettability and surface tension 38
  e. Binder particle size 40
  f. Solid particle properties 41
  g. Water of crystallization 43
I. Control of melt agglomeration 44
II. HYPOTHESIS AND OBJECTIVES 50
III. EXPERIMENTAL 53
A. Materials 53
 1. Lactose 53
 2. Hydrophobic meltable binders 53
 3. Additives 56
  a. Sucrose stearates 56
  b. Magnesium stearate 57
 4. Drug 57
B. Methods 60
 1. Preparation of melt agglomerates 60
  a. Melt agglomerates prepared using sucrose stearate as 
additive 63
  b. Melt  agglomerates prepared using magnesium stearate 
as additive 65
  c. Melt agglomerates prepared using various 
hydrophobic meltable binders 66
 2. Characterization of agglomerates 67
  a. Agglomerate size analysis 67
  b. Agglomerate porosity analysis 68
  c. Agglomerate crushing strength analysis 69
  d. Agglomerate shape analysis 69
v 
  e. Drug release from melt agglomerates 71
 3. Characterization of physicochemical properties of molten 
binding liquid 71
  a. Molten binary mixtures of HCO and additives 72
  b. Molten liquids of various binders without additives 73
 4. Characterization of tensile strength of resolidified molten 
samples 79
 5. Characterization of flow properties of solid powder added 
with non-meltable additive magnesium stearate 80
  a. Tapping 81
  b. Avalanche flow 82
IV. RESULTS AND DISCUSSION 87
Part I. Melt agglomeration using HCO as meltable binder in combination 
with additives 87
A. Melt agglomeration process with sucrose stearate as additive 87
 1. Effects of sucrose stearates on physicochemical properties 
of HCO 87
  a. Surface tension 87
  b. Viscosity 89
  c. Contact angle 91
 2. Effects of sucrose stearates on agglomeration mechanism in 
association with low HCO concentration 93
  a. Sucrose stearate S170 96
  b. Sucrose stearates S770 and S1570 105
 3. Effects of sucrose stearates on agglomeration mechanism in 
association with high HCO concentration 111
  a. Preliminary studies using high HCO concentrations 111
  b. Effects of HCO concentration between 20-21.5 % w/w 114
  c. Sucrose stearate S170 122
  d. Sucrose stearates S770 and S1570 134
 4. Melt agglomeration mechanism with addition of sucrose 
stearates and drug release characteristics 143
 5. Anti-adherent property of sucrose stearates 146
vi 
B. Melt agglomeration process with magnesium stearate as additive 148
 1. Effects of magnesium stearate on physicochemical 
properties of HCO 148
  a. Surface tension 148
  b. Viscosity 148
  c. Contact angle 148
 2. Effects of magnesium stearate on agglomeration mechanism 152
  a. Inter-particulate frictional forces 161
  b. Inter-particulate viscous forces 165
  c. Inter-particulate capillary forces 165
 3. Melt agglomeration mechanism with addition of magnesium 
stearate and drug release characteristics 169
Part II. Melt agglomeration using various meltable binders 172
A. Effects of physicochemical properties of various meltable binders 
on melt agglomeration mechanism 173
 1. Specific molten volume 173
 2. Binder viscosity 179
 3. Binder surface tension 183
 4.  Contact angle 191
 5. Drop penetration time 193
 6. Binder particle size 196
 7. Binder melting nature 200
V. CONCLUSIONS 201
VI. REFERENCES 206




Melt agglomeration is an ideal model to elucidate the mechanism of agglomerate 
formation and growth as the interpretation of agglomeration outcome is not 
complicated by the evaporation of binding liquid. Although a substantial amount of 
work has been carried out on melt agglomeration process in high shear mixer using 
hydrophilic meltable binders such as polyethylene glycols, the findings are not fully 
applicable to hydrophobic meltable binders due to varying physicochemical properties 
of the latter than those of the former. The agglomerative capabilities of hydrophobic 
meltable binders remain not fully understood.  
 
The investigation of melt agglomeration process in high shear mixer using a 
hydrophobic meltable binder, hydrogenated cottonseed oil (HCO), in combination 
with additives of varying meltability, showed that the agglomerative capability of the 
meltable binder was highly dependent on the viscosity and surface tension of the 
molten binding liquid. This finding is also found to be similar when melt 
agglomeration process was carried out using a variety of hydrophobic meltable 
binders with varying physicochemical properties. 
 
It was shown that the mechanisms of agglomeration are governed by the interplay 
between the capillary, viscous and frictional forces acting among the solid particles 
and the importance of physicochemical properties of binding liquid, particularly, 
viscosity and surface tension, on the formation and growth of agglomerates is 
unequivocal. Modifications in the physicochemical properties as well as the solid 
particles that alter the balance of these forces will ultimately affect the agglomeration 
outcome. With hydrophobic meltable binders, which often associated with low 
viii 
viscosity values, an increase in viscosity will generally promote agglomerate growth 
whereas a reduction in surface tension will have dual effect on the agglomerate 
growth propensity. Under the influence of sufficient binding forces among the solid 
particles within each agglomerate, a reduced surface tension of molten binding liquid 
enabled particle rearrangement and consolidation that ultimately enhanced surface 
deformability for agglomerate growth with more liquid being squeezed out from the 
core to the surfaces during the process of particle rearrangement and consolidation. 
However, if sufficient binding forces were absent among the solid particles, an 
increase in surface tension of molten binding liquid was much needed to pull the solid 
particles together for agglomerate growth to take place. If not, excessive sliding and 
breakage of melt agglomerates will occur that would negate the agglomerate growth 
process. 
 
The elucidation of the effects of physicochemical properties of hydrophobic meltable 
binders on melt agglomeration process resulted in a better understanding of the 
mechanism of melt agglomeration with hydrophobic meltable binders, and this will 
assist future optimization of melt agglomeration process and design of controlled-
release formulations with these binders. 
 
ix 
LIST OF TABLES 
  Page
Table 1 Physical properties of lactose powder. 54 
Table 2 Physical properties of hydrophobic meltable binder 55 
Table 3 Physicochemical properties of additives sucrose stearates and 
magnesium stearate. 
59 
Table 4 Pearson correlation coefficient values between the size of 
melt agglomerates produced using various sucrose stearates 
and post-melt massing times and the physical properties of 
molten HCO with 0 to 10 % w/w sucrose stearate added. 
100 
Table 5 Drug release kinetics and drug content of melt agglomerates 
prepared using (a) 20-21.5 % w/w HCO and 0.4 % w/w 
sucrose stearates, with controls being the melt agglomerates 
prepared without the addition of sucrose stearates, and (b) 20 
% w/w HCO with 0 to 3 % w/w sucrose stearates. 
145 
Table 6 Weight of solid meltable binders required to prepare 24 % 
v/w molten binding liquid with respect to the weight of 
lactose powder. 
178 
Table 7 Pearson correlation between the size and size distribution of 
melt agglomerates with viscosity, surface tension, contact 
angle and normalized drop penetration time of molten 
binding liquids at maximum product temperatures of melt 




LIST OF FIGURES 
  Page 
Figure 1 Stages of intra-agglomerate liquid saturation: (a) pendular, 
(b) funicular, (c) capillary and (d) droplet. 
4 
Figure 2 Traditional agglomerate growth mechanisms. 19 
Figure 3 Alternative agglomeration mechanism. 21 
Figure 4 Modes of nucleation mechanism: (a) immersion and (b) 
distribution  
22 
Figure 5 Power consumption profile of a wet agglomeration process. 46 
Figure 6 Physical appearance of (a) fully molten sucrose stearate 
S170, (b) partially molten sucrose stearate S770 and (c) 
poorly molten sucrose stearate S1570, at 90-100°C. 
58 
Figure 7 Schematic diagram of a PMA-1 high shear mixer. 61 
Figure 8 Typical profiles of product temperature (⎯) and impeller 
current consumption (▬) as a function of processing time in 
a melt agglomeration process. 
62 
Figure 9 Schematic diagram of Wilhelmy plate. 74 
Figure 10 Schematic diagram of Washburn equipment: Sample tube 
(1), sintered glass disc (2), silicone rubber tubing (3), 
separating funnel (4), thermometer (5), glass capillary tube 
(6) and laboratory stands (7and 8). 
76 
Figure 11 A typical strange attractor plot obtained from avalanche 
measurement. Sample: Lactose. Drum speed: 120 s/rotation. 
83 
Figure 12 The types of powder flow pattern during avalanche 
measurement. 
86 
Figure 13 Profile of surface tension of molten HCO as a function of 
sucrose stearate concentration at 80°C. Sucrose stearate type: 
({) S170, () S770 and (U) S1570. 
88 
Figure 14 Profile of viscosity of molten HCO as a function of sucrose 
stearate concentration at 80°C. Sucrose stearate type: ({) 
S170, () S770 and (U) S1570. 
90 
Figure 15 Profile of contact angle of molten HCO over lactose as a 
function of sucrose stearate concentration at 80°C. Sucrose 




Figure 16 Physical appearance of melt agglomerates produced using 
HCO in combination with sucrose stearates (a) S170, (b) 
S770 and (c) S1570. Sucrose stearate concentration: 2 % 
w/w; post-melt massing time: 20 min. 
94 
Figure 17 Effects of sucrose stearates on the size and size distribution 
of melt agglomerates produced using post-melt massing time 
of (a) 0 min, (b) 20 min and (c) 50 min. Sucrose stearate 
type: ({) S170, () S770 and (U) S1570. 
95 
Figure 18 Effects of sucrose stearates on the oversized agglomerates 
and fine formation of melt agglomeration process using post-
melt massing time of (a) 0 min, (b) 20 min and (c) 50 min. 
Sucrose stearate type: ({) S170, () S770 and (U) S1570. 
97 
Figure 19 Mass median diameters of melt agglomerates obtained using 
HCO alone at concentration between 14 and 20 % w/w. Post-
melt massing time: 20 min. 
99 
Figure 20 Specific average impeller current consumption at post-melt 
distribution phase of melt agglomeration process as a 
function of sucrose stearate concentration. Sucrose stearate 
type: ({) S170, () S770 and (U) S1570. 
102 
Figure 21 Effects of (a) sucrose stearate concentration and (b) post-
melt massing time on pore size and size distribution of melt 
agglomerates produced using mixtures of HCO and sucrose 
stearate S170.  
(a) Sucrose stearate concentration: ({) 0 % w/w, () 0.75 
% w/w, (U) 2 % w/w, (¯) 5 % w/w and (¨) 10 % w/w; 
post-melt massing time: 0 min. 
(b) Post-melt massing time: ({) 0 min, () 20 min and (U) 
50 min; sucrose stearate concentration: 2 % w/w. 
104 
Figure 22 Pore size and size distribution of melt agglomerates produced 
using mixtures of HCO and sucrose stearates (a) S770 and 
(b) S1570 respectively. Sucrose stearate concentration: ({) 0 
% w/w, () 0.75 % w/w, (U) 2 % w/w, (¯) 5 % w/w and 
(¨) 10 % w/w; post-melt massing time: 0 min. 
108 
Figure 23 Crushing strength of melt agglomerates of size fractions ({) 
710-1000, () 1000-1400 and (U) 1400-2000 µm, produced 
using 16-22 % w/w HCO, without the addition of sucrose 
stearates. Post-melt distribution phase: 7 min at 1200 rpm 




 Figure 24 The (a) size and (b) size distribution of melt agglomerates 
obtained using various concentration of HCO, (¯) without 
the addition of sucrose stearate and those with added sucrose 
stearates ({) S170, () S770 and (U) S1570 at 0.4 % w/w. 
115 
Figure 25 The (a) fines and (b) oversized agglomerates percentages of 
melt agglomerates obtained using various concentration of 
HCO, (¯) without the addition of sucrose stearate and those 
with added sucrose stearates ({) S170, () S770 and (U) 
S1570 at 0.4 % w/w. 
116 
Figure 26 Crushing strength of melt agglomerates of size fractions (a) 
710-1000, (b) 1000-1400 and (c) 1400-2000 µm as a 
function of HCO concentration. 
117 
Figure 27 Pore size distribution of melt agglomerates prepared using 
(a) HCO alone, (b) with addition of sucrose stearate S170, 
(c) S770 and (d) S1570. Sucrose stearate concentration: 0.4 
% w/w. HCO concentration: ({) 20, () 20.75 and (U) 
21.5 % w/w. 
118 
Figure 28 Specific average impeller current consumption in melt 
agglomeration processes, without and without the addition of 
sucrose stearate, as a function of HCO concentration. 
120 
Figure 29 Wet mass adhesion to the processing chamber in melt 
agglomeration processes using 20-21.5 % w/w HCO. 
121 
Figure 30 Effects of sucrose stearates on the (a) size and (b) size 
distribution of melt agglomerates produced using 20 % w/w 
HCO. Sucrose stearate type: ({) S170, () S770 and (U) 
S1570. 
123 
Figure 31 Effects of sucrose stearates on the (a) fines and (b) oversized 
agglomerates percentages of melt agglomerates produced 
using 20 % w/w HCO. Sucrose stearate type: ({) S170, () 
S770 and (U) S1570. 
124 
Figure 32 Crushing strength of melt agglomerates of size fractions (a) 
710-1000, (b) 1000-1400 and (c) 1400-2000 µm as a 
function of sucrose stearate concentration. HCO 
concentration: 20 % w/w. Sucrose stearate type: ({) S170, 
() S770 and (U) S1570. 
126 
Figure 33 Pore size distribution of melt agglomerates containing 
sucrose stearates S170. Sucrose stearate concentration: ({) 
0%, () 0.2%, (U) 0.4%, (¯) 0.6%, (¨) 0.8%, () 1.8% 




Figure 34 Tensile strength of resolidified molten mixtures of HCO and 
sucrose stearate S170. 
129 
Figure 35 Specific average impeller current consumption in melt 
agglomeration processes as a function of sucrose stearate 
concentration. Sucrose stearate type: ({) S170, () S770 
and (U) S1570. HCO concentration: 20 % w/w. 
132 
Figure 36 Wet mass adhesion to the processing chamber in melt 
agglomeration processes as a function of sucrose stearate 
concentration. Sucrose stearate type: ({) S170, () S770 
and (U) S1570. HCO concentration: 20 % w/w. 
133 
Figure 37 Shape descriptors of melt agglomerates as a function of 
sucrose stearate concentration: (a) aspect ratio, (b) sphericity 
and (c) shape factor, eR. HCO concentration: 20 % w/w. 
Sucrose stearate type: ({) S170, () S770 and (U) S1570. 
135 
Figure 38 Shape descriptors of melt agglomerates as a function of 
HCO concentration: (a) aspect ratio, (b) sphericity and (c) 
shape factor, eR. Sucrose stearate type: (¯) without addition 
of sucrose stearate, ({) S170, () S770 and (U) S1570. 
Sucrose stearate concentration: 0.4 % w/w. 
136 
Figure 39 Pore size distribution of melt agglomerates containing 
sucrose stearates (a) S770 and (b) S1570. Sucrose stearate 
concentration: ({) 0, () 0.2, (U) 0.4, (¯) 0.6 % w/w. 
139 
Figure 40 Tensile strength of resolidified molten mixtures of sucrose 
stearates (a) S770 and S1570. 
140 
Figure 41 Typical drug release profiles of melt agglomerates prepared 
using HCO and sucrose stearate as additive. HCO 
concentration: 21.5 % w/w and sucrose stearate 
concentration: 0.4 % w/w. Sucrose stearate type: ({) S170, 
() S770 and (U) S1570. 
144 
Figure 42 Profile of surface tension of molten HCO as a function of 
magnesium stearate concentration. 
149 
Figure 43 Profile of viscosity of molten HCO as a function of 
magnesium stearate concentration. 
150 
Figure 44 Profile of contact angle of molten HCO over solid particles 
of lactose and chlorpheniramine maleate as a function of 







Figure 45 Effects of magnesium stearate on size and size distribution 
of melt agglomerates produced with (a) 22, (b) 23.5 and (c) 
25 % w/w HCO. Magnesium stearate concentration: (1) 0, 
(2) 0.1, (3) 0.2, (4) 0.3, (5) 0.4, (6) 0.5 % w/w. (mmd= mass 
median diameter in µm). 
153 
Figure 46 Effects of magnesium stearate on (a) fines and (b) oversized 
agglomerates formation in melt agglomeration processes 
with (c) 22, () 23.5 and (U) 25 % w/w HCO. 
154 
Figure 47  Crushing strength of melt agglomerates of size fraction (a) 
710-1000, (b) 1000-1400 and (c) 1400-2000 µm as a 
function of magnesium stearate concentration.  
157 
Figure 48 Tensile strength of resolidified molten mixtures of HCO and 
magnesium stearate. 
159 
Figure 49 Effects of magnesium stearate on pore size and size 
distribution of melt agglomerates prepared using (a) 22, (b) 
23.5 and (c) 25 % w/w HCO. Magnesium stearate 
concentration: ({) 0, () 0.1, (U) 0.3 and (¯) 0.5 % w/w. 
160 
Figure 50 Effects of magnesium stearate on (a) Hausner ratio and (b) 
Carr’s index of powder mixtures of lactose and 
chlorpheniramine maleate. 
162 
Figure 51 (a) Flowability and (b) cohesion indices of powder mixtures of 
lactose and chlorpheniramine maleate as a function of 
magnesium stearate concentration. 
163 
Figure 52 Shape descriptors of melt agglomerates as a function of 
magnesium stearate concentration at different level of HCO 
concentration: (a) aspect ratio, (b) sphericity and (c) shape 
factor, eR. HCO concentration: ({) 22, () 23.5 and (U) 25 % 
w/w. 
168 
Figure 53 Typical drug release profiles of melt agglomerates prepared 
using HCO and magnesium stearate as additive. Magnesium 
stearate concentration: 0.1 % w/w. HCO concentration: ({) 22, 
() 23.5 and (U) 25 % w/w. Open symbol ({, , U): with 
sucrose stearate. Closed symbol (z, , S): without sucrose 
stearate. 
170 
Figure 54 Effects of magnesium stearate on t50 values of melt 
agglomerates prepared using (c) 22, () 23.5 and (U) 25 % 
w/w HCO. 
171 
Figure 55 Specific molten volume of the various meltable binders at 




Figure 56 The profiles of (a) size and (b) size distribution of melt 
agglomerates obtained with the various meltable binders. 
Meltable binder concentration: 21 % w/w. 
176 
Figure 57 The percentages of (a) fines and (b) oversized agglomerates of 
melt agglomerates obtained with the various meltable binders. 
Meltable binder concentration: 21 % w/w. 
177 
Figure 58 The profiles of (a) size and (b) size distribution of melt 
agglomerates obtained with the various meltable binders. 
Meltable binder concentration: 24 % v/w. 
180 
Figure 59 The percentages of (a) fines and (b) oversized agglomerates of 
melt agglomerates obtained with the various meltable binders. 
Meltable binder concentration: 24 % v/w. 
181 
Figure 60 Viscosity of the various meltable binders at temperatures 70, 
80, 90°C as well as the maximum product temperature 
encountered during each run. 
182 
Figure 61 Surface tension of the various meltable binders at temperatures 
70, 80, 90°C as well as the maximum product temperature 
encountered during each run. 
185 
Figure 62 The pore size and size distribution of melt agglomerates 
prepared using (a) HCO, (b) HSO, (c) stearic acid, (d) cetyl 
alcohol, (e) stearyl alcohol, (f) GMS and (g) beeswax. 
188 
Figure 63 Shape descriptors of melt agglomerates prepared using various 
meltable binders: (a) aspect ratio, (b) sphericity and (c) shape 
factor, eR.  
190 
Figure 64 Contact angle of the various meltable binders over the solid 
particles of lactose at temperatures 70, 80 and 90°C. 
192 
Figure 65 The profile of normalized molten binding liquid drop 
penetration time of various meltable binders at 70, 80 and 
90ºC, as well as, at the maximum product temperature of melt 
agglomeration for each binder. 
195 
Figure 66 Effects of binder particle size on agglomerate size and size 
distribution. Binder type: GMS. Binder particle size: ({) 107 
and () 460 µm. 
198 
Figure 67 Effects of binder particle size on agglomerate size and size 
distribution. Binder type: Beeswax. Binder particle size: ({) 






A. Overview of agglomeration 
Agglomeration is one of the key pharmaceutical manufacturing processes concerning 
the conversion of fine solid particles into larger entities usually by agitating the fine 
solid particles in the presence of a binding liquid using equipment such as tumbling 
drum, fluid bed granulator and high shear mixer. The agglomeration is considered as a 
wet process because a binding liquid is required for the wetting of solid particles prior 
to agglomeration. The main purpose of agglomeration is the conversion of the fine 
solid particles into free-flowing agglomerates for tableting or capsule-filling in the 
design of single and multiparticulate unit oral solid dosage forms respectively. The 
agglomerates formed have specific mean size and shape, improved flowability and 
mechanical strength, defined bulk density and porosity values, as well as desirable 
drug release profile (Tardos et al., 1997; Iveson et al., 2001). They should be non-
segregating, easily compressible with reduced dust formation to facilitate tableting or 
capsule-filling process. Agglomerates can be classified into two types: granules and 
pellets, based on their physical characteristics. Granules are generally irregularly 
shaped agglomerates which have a rather wide size distribution, typically within the 
range of 0.1 mm to 2 mm. Pellets are spherical agglomerates with a narrow size 
distribution, within the range of 0.5 mm to 2 mm. For most agglomeration processes, 
the binding liquid used is either aqueous or organic solvent. The solid particles are 
held together by the binding liquid which provides temporary binding force by means 
of liquid bridges, and subsequently by solid bridges of the residual solute after the 
removal of solvent by evaporation. The solid bridges can also be formed through a re-
solidification process when molten liquids are used as a binder in agglomeration and 
this type of agglomeration process is termed as melt agglomeration. 
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 B. Particle binding forces 
The formation and strength of agglomerate is dependent on the binding forces holding 
the fine solid particles together. These binding forces are subdivided into five 
categories (Rumpf, 1962): 
 
1. Attractive forces between solid particles 
When the particles are brought close enough together, they adhere to each other 
through attractive forces. These forces are not effective with an increase in the size of 
the particles or inter-particulate distances. Therefore, they are not the primary forces 
responsible for the binding of particles. However, the presence of attractive forces 
serves as an auxiliary to other stronger binding forces such as cohesive forces of 
liquid bridges to take place. Examples of attractive forces are Van der Waals forces, 
electrostatic forces, valence forces and magnetic forces. Valence forces are not 
essential in agglomerate formation. The reason is that the valence forces are only 
effective at a distance less than 10 Å but in an agglomerate system, the distances 
between particles are generally more than 10 Å due to the surface roughness. As for 
magnetic forces, which can be strong attractive forces, they are usually not 
encountered with agglomeration of organic materials in pharmaceutical formulations.  
 
2. Interfacial forces and capillary pressure in mobile liquid bridges 
The presence of liquid in any particulate system generates cohesive forces to bind the 
particles. The type of liquid and the amount of liquid present or the level of liquid 
saturation are critical factors in determining the strength of the agglomerate. Figure 1 
shows the stages of liquid saturation divided into pendular, funicular, capillary and 
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droplet states (Newitt and Conway-Jones, 1958). The liquid saturation can be 
increased either by a continuous liquid addition or by a densification of the 
agglomerates. Practically, some densification usually occurs simultaneously to a 
liquid addition. 
 
When the binding liquid is first introduced, there are only discrete “lens-like rings’ of 
liquid bridges formed between the fine solid particles, known as pendular state 
(Figure 1a). At this state, the surface tension of the liquid-air interface and capillary 
pressure from the liquid bridges serve as the binding forces that hold the particles 
together. The funicular state (Figure 1b) occurs when the liquid film present has 
higher liquid to void volume ratio and the continuum of liquid is interspersed with 
pockets of air. At the capillary state (Figure 1c), all the void spaces within the 
agglomerate are completely filled with the liquid. However, the amount of liquid 
added is still insufficient to envelop the entire structure of the agglomerate. The liquid 
extends up to the edges of the pores at the agglomerate surface with the formation of 
concave meniscus. Binding forces brought about by the capillary forces are developed 
at the surface of the agglomerate. At droplet state (Figure 1d), the intra-agglomerate 
particles are totally surrounded by the liquid. The concave meniscus is replaced by 
convex meniscus and the particles are held only by the surface tension of the droplet.  
 
3. Adhesional and cohesional forces in immobile liquid bridges 
Immobile liquid bridges are referred to the viscous forces and thin adsorption layers 





















Figure 1. Stages of intra-agglomerate liquid saturation: (a) pendular, (b) 





particles and binding occurs mainly through viscous forces similar to those of solid 
bridges. Meanwhile, thin adsorption layers act by reducing the roughness of the 
particle surfaces, thereby reducing the effective inter-particulate distance for 
intermolecular attractive forces to take place or by increasing the surface area for 
contact by the liquid bridges between the particles. 
 
4. Solid bridges 
During the agglomeration process, either mobile or immobile liquid bridges are the 
dominant forces for the binding of nuclei and are essential for agglomerate growth. 
The effects of liquid bridges tend to be eliminated upon drying or cooling. In dried or 
cooled product, the solid bridges largely determine the strength of the formed 
agglomerates (Ghebre-Sellassie, 1989). 
 
The solid bridges can be formed through the re-crystallization of dissolved 
substances, hardening of the binders, re-solidification of the molten substance and 
chemical reaction. In melt agglomeration, the molten binding liquid would solidify 
and form strong solid bridges when the agglomerates are cooled to an ambient 
temperature below the melting point of the meltable binder.  
 
5. Mechanical interlocking 
Irregularly shaped particles or particles with a rough surface can interlock with each 
other during the agitation or compression process of the particles. Binding of particles 
by means of mechanical interlocking is considered a minor contributor towards the 
strength of agglomerates. 
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C. Methods of agglomeration 
There are several methods for producing agglomerates in the pharmaceutical industry, 
depending on the choice of processing equipment. In general, the agglomeration 
processes include agitation, compaction, layering and globulation. 
 
Under the influence of agitation, powders can be bound together, usually in the 
presence of a binding liquid (Kristensen, 1988). There are different modes of agitation 
such as tumbling, kneading and rolling. Agglomeration techniques which involve 
agitation include balling and high shear agglomeration. Balling is an agglomeration 
process where fine powders or primary particles are bound together to form spherical 
particles by continuous rolling or tumbling motion in the presence of a binding liquid. 
The liquid can be added before or during the agitation stage. The equipment used for 
balling includes pans, discs, drums or mixers. Owing to the random nature of nuclei 
formation, the size distribution of the resultant agglomerates is usually wide with this 
type of process (Wan, 1994). High shear or high speed mixers, equipped with impeller 
and either with or without chopper are widely used for agglomeration (Kristensen et 
al., 1984; Yliruusi and Tihtonen, 1989; Schæfer et al., 1986a, 1986b, 1987; Vojnovic 
et al., 1993). There are two basic designs of high shear mixer, vertical and horizontal, 
depending on the plane of rotation of the impeller. The high energy input associated 
with high shear mixer is able to produce dense, spherical and uniform-sized 
agglomerates or pellets. 
 
The advantages of using high shear mixer in agglomeration include: 
• short processing time, 
• suitable for powder with wide range of particle sizes,  
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• efficient distribution of binding liquid, especially those of high viscosity 
and 
• good containment of dust. 
One main disadvantage lies in a high risk of agglomerate overwetting and 
uncontrolled agglomeration attributed to high energy input generated during the 
process of agglomeration. The high shear agglomeration process is sensitive to 
formulation and process variations (Kristensen, 1988; Schæfer et al., 1992a; 
Kleinebudde and Nymo, 1995). 
 
Compaction is a technique that applies pressure during the agglomeration process by 
mechanically forcing solid particles together, forming agglomerates of defined shapes 
and sizes (Carstensen, 1984). Typical examples of compaction include extrusion-
spheronization and compression. Extrusion-spheronization is a multiple-step 
agglomeration process and highly spherical agglomerates or spheroids of narrow size 
distribution can be produced by this method. Drug and excipients are first dry-mixed 
followed by moistening with liquid, for example, water. The moistened mass obtained 
is extruded as long cylindrical rods which are subsequently spheronized using a 
rotating frictional plate at high speeds. The quality of the spheroids is influenced by 
the formulation variables such as moisture content of the extruded mass (Baert and 
Remon, 1993; Hellén et al., 1993; Wan et al., 1993; Heng et al., 1995; Jerwanska et 
al., 1995, 1997), type of granulation liquid and physical properties of the starting 
materials (Rowe et al., 1994; Tobyn et al., 1998); equipment variables such as the 
type of extruder, extrusion screen and frictional plate (Harrison et al., 1985; Baert et 
al., 1993; Vervaet et al., 1994); as well as process variables such as spheronizer load, 
speed of extrusion and spheronization (Wan et al., 1993; Vervaet et al., 1995), 
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processing time and drying method (Bataille et al., 1993; Dyer et al., 1994). 
Compression is an agglomeration process where the drug and excipients are mixed 
and compacted under pressure to form granular compacts of desired shape and size, 
which are small enough to be filled into capsules. The process may involve the direct 
compression of powders using tableting machine or slugging and the use of roller 
compactor of which the compacts are further broken down by a granulator. This 
method usually does not involve the use of solvent and is suitable for conversion of 
moisture-sensitive materials into agglomerates.  
 
Layering process involves deposition of the drug or any other materials in the form of 
powder, suspension or solution onto starter seeds. The types of equipment used for 
layering include conventional coating pan, perforated pan, centrifugal processor and 
fluidized bed Wurster coater. In powder layering, a binding solution and a jet of fine 
powder are added simultaneously to a bed of starter seeds at controlled rates. The 
powder is bound to the starter seeds through liquid bridges formed by the binding 
liquid (Goodhart and Jan, 1989). Eventually, solid bridges are formed by either 
crystallization of dissolved substances in the binding liquid or by solidification of a 
polymeric binder. Agglomerates of desired size can be prepared by modifying the rate 
and extent of powder layering. The final quality and yield of agglomerates are 
dependent on the interplay between the addition rates of binding liquid and coating 
powder (Li et al., 1989; Rashid et al., 2001). Suspension or solution layering involves 
spraying a suspension or solution onto starter seeds (Jones, 1989). This may be 
carried out in a rotating processor or a Wurster coater. Upon evaporation of the 
solvent, the dissolved material deposits on the seeds to form successive coats. 
 8
Depending on the types of equipment, production of agglomerates by layering process 
tends to require longer processing time. 
 
In globulation, spherical microparticles or agglomerates are formed by atomization or 
extrusion of solution, suspension or hot melt into droplets. The main techniques are 
spray drying, spray congealing and cryo-agglomeration. For spray drying, drug 
substances either in solution or suspension are atomized, with or without excipients, 
into a hot-air stream. Dry and highly spherical microparticles are produced after the 
solvent has been evaporated off (Ghebre-Sellassie, 1989). Spray congealing is a 
process where drug in a molten matrix is converted into small and spherical 
microparticles by spraying into a cooled air chamber (Ghebre-Sellassie, 1989). The 
excipients commonly used for matrices include gums, waxes and fatty acids that have 
sharp melting points above room temperature and can be used to prepare controlled 
release microparticles (Passerini et al., 2003). Cryo-agglomeration is very similar to 
spray congealing except that liquid nitrogen is employed as the cooling medium. The 
droplets of a solution or suspension are brought to contact with liquid nitrogen at a 
temperature about -160°C. The droplets are cooled or frozen into microparticles of 
spherical shape, due to rapid heat transfer from the droplets to the liquid nitrogen. The 
formed cryo-agglomerates, usually of high solid contents, are then dried in 
conventional freeze-dryers. 
 
D. Development of melt agglomeration 
Melt agglomeration have gathered considerable interest in the pharmaceutical 
industry for the concept of utilizing a molten liquid as a binder. Unlike the 
conventional use of aqueous or organic solvents as binders, the binding liquid in melt 
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processes remains as a constituent of the final product. Due to the non-aqueous nature 
of the molten binding liquid, the melt agglomeration is an alternative method suitable 
for processing of moisture sensitive materials. It does not require expensive and 
sophisticated solvent recovery system and is more environmental friendly and less 
hazardous. 
 
The concept of using molten binding liquid for agglomeration instead of the 
conventional binding liquid prepared from aqueous or organic solvent that has to be 
evaporated off upon completion of agglomeration was reported in some research 
findings in the late 70’s and early 80’s (Rubinstein, 1976; Rubinstein and 
Musikabhuma, 1980; McTaggart et al., 1984). However, the concept was not widely 
studied until more than a decade later and the period thereafter, using high shear 
mixer (Schæfer et al., 1990, 1992a, 1992b, 1992c, 1993a, 1993b; Thomsen et al., 
1993, 1994; Eliasen et al., 1998, 1999a, 1999b; Heng et al., 1999a 1999b; Wong et al., 
1999; Rodriguez et al., 2002; Grassi et al., 2003a), fluidizing granulator (Maejima et 
al., 1992, 1997a, 1997b, 1998; Abberger, 2001; Abberger et al., 2002; Kidokoro et al., 
2002; Seo et al., 2002), as well as rotary processor (Vilhelmsen et al., 2004) as the 
processors for melt agglomeration. High shear mixer has gained greater popularity for 
use in melt agglomeration than other equipment such as coating pan (Rubinstein, 
1976), drum granulator (Pataki et al., 1983; Litster and Sarwono, 1994), centrifugal 
rotating mixer (Watanabe et al., 1990) or extruder (Edimo et al., 1993; Miyagawa et 
al., 1996; Zhang and McGinity, 1999; Liu et al., 2001; Young et al., 2002; Grassi et 
al., 2003b) for some of the advantages it offers: 
• High shear mixer provides intense shear forces from the high speed 
rotation of impeller. The impeller shearing action facilitates a more 
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homogeneous distribution of molten binding liquid, especially those of 
high viscosities (Schæfer and Mathiesen, 1996b), leading to the formation 
of agglomerates with narrower size distribution and uniform drug content.  
• The meltable binder can be brought to melting by the frictional heat 
generated from high shearing forces of the impeller, without external heat 
supply (Schæfer et al., 1992a). 
• Highly spherical pellets can be produced by a one-pot, one-step continuous 
agglomeration and rounding effect of the high speed impeller rotation in a 
high shear mixer. 
• The enclosed system allows good containment of dust and volatile 
materials (Ukita and Murakami, 1994). 
The interest in melt agglomeration research and development has largely been 
attributed to the various advantages of melt agglomeration which are not attainable 
using the conventional wet agglomeration techniques. With an appropriate selection 
of meltable binders, both immediate- and prolonged-release agglomerates can be 
prepared using a one-step, one processor approach (Thomsen et al., 1994; Evrard and 
Delattre, 1996; Zhou et al., 1996; Damian et al., 2000; Voinovich et al., 2000; 
Hamdani et al., 2002; Passerini et al., 2002; Perissutti et al., 2003; Seo et al., 2003; 
Abdelbary et al., 2004; Shimpi et al., 2004; Chambin and Jannin, 2005; Ochoa et al., 
2005). Hydrophilic meltable binders such as Gelucire 50/13 (Shimpi et al., 2005) had 
been demonstrated to have stabilizing effect on the amorphous etoricoxib and 
improved its biopharmaceutical performance at a low excipient/drug ratio and may 
serve as an alternative to conventional stabilizers such as polyvinyl pyrrolidone. 
 
 11
Melt agglomeration is applicable for processing of water-sensitive materials such as 
effervescent excipients and hygroscopic drugs, without using either aqueous or 
organic solvent (Thies and Kleinebudde, 1999; Yanze et al., 2000). With melt 
methods, organic solvent, flame-proof facilities and solvent recovery equipment are 
not required, thereby giving rise to a lower cost of operation, as well as, reduced 
ecological and toxicological hazards. In addition, the formative process of melt 
agglomerates does not require a drying phase and this shortens the total processing 
time. Melt agglomeration is an ideal model for the elucidation of an agglomeration 
process as the process of particle binding is not complicated by an evaporation of 
molten binding liquid unlike the aqueous and non-aqueous wet agglomeration. 
Moreover, the physicochemical properties of the molten binding liquid may be 
potentially modifiable by incorporating an additive. 
 
Despite the various advantages offered by melt agglomeration, the technique is not 
suitable for processing of heat-labile materials due to the involvement of elevated 
temperatures. Nonetheless, successful agglomeration of volatile substances with 
almost complete prevention of material loss by vaporization has been reported (Ukita 
and Murakami, 1994). The probable reason is that the agglomerate surfaces was 
covered by layers of solidified molten binder and loss of volatile substances was 
further avoided since the melt process was in a closed chamber. In addition, 
Lactobacillus Acidophilus bacteria was found to have a higher survival rate in 
formulations prepared by continuous melt technology than that of using conventional 
wet techniques, in spite of the molten mass’ temperature rising to more than 100°C 
(Appelgren and Eskilson, 1990). Clearly, the detrimental effects of heat were 
considerably reduced by the absence of moisture in melt agglomeration. 
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 The growth processes of melt agglomerates are highly sensitive to formulation, 
processing and equipment variables. Uncontrollable melt agglomeration is frequently 
encountered when such variables are not optimally adjusted. In view of challenges in 
controlling the melt agglomeration process, melt agglomeration has remained an 
interesting field of research with the potential for practical and wider application in 
the pharmaceutical industry. 
 
E. Requirement of melt agglomeration in high shear mixer 
Melt agglomeration is carried out by adding the binder to fine solid particles either as 
molten liquid or solid that melts during the process. Generally, an amount of 10 to 30 
% w/w of binder, with respect to the amount of fine solid particles, is used. The 
melting temperature of solid binder can be achieved by external heat supply such as 
electrical or heated water jacket (Kinget and Kemel, 1985) or heat generated from 
inter-particulate friction during high speed mixing in the processor (Schæfer et al., 
1992a). A meltable binder suitable for melt agglomeration has a melting point 
typically within the range of 50 to 90°C. Meltable binders with melting point lower 
than 50°C are generally unsuitable as the end products are liable to melting, softening 
or sticking during handling and storage. On the other hand, binders of high melting 
temperatures are not desirable due to greater risks of thermal instability to drugs used 
when very high temperatures are applied for melting and processing with such 
binders. Pellets, granules or agglomerates are formed through agitation of the primary 
particles in the presence of a molten binding liquid. Subsequent cooling of the 
agglomerates to room temperature results in solidification of the binder and dry 
agglomerates are obtained. 
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 The meltable binder can be classified as hydrophilic or hydrophobic. Examples of 
hydrophilic binders include polyethylene glycols and poloxamers. Hydrophobic 
binders include fatty acids, fatty alcohols, waxes and glycerides. Hydrophilic meltable 
binders are used to prepare immediate-release dosage forms while the hydrophobic 
meltable binders are preferred for prolonged-release formulations. One or more 
meltable binders may be employed in the formulation of a batch of melt agglomerates. 
The binding action of meltable binders can be manifested through liquid bridges 
formed by the molten liquid. Alternatively, a softened semisolid can act as a binder 
(McTaggart et al., 1984; Evrard et al., 1999). The local melting zone on the surface of 
a semisolid binder could promote particle aggregation and subsequently agglomerate 
growth. Nonetheless, a higher binder content up to 50 % w/w was sometimes required 
as there was less binding liquid available for agglomerative action for a given weight 
of meltable binder (McTaggart et al., 1984). Furthermore, the process of melt 
agglomeration is less sensitive to the level of binder when softened semisolid is used. 
Frequently, the process of agglomeration which employs softened semisolid binder is 
termed as thermoplastic agglomeration. 
 
The fine solid particles can be organic or inorganic in origin and in melt 
agglomeration studies, inert substances commonly employed are lactose and 
dicalcium phosphate. The melting point of fine solid particles should be at least 20°C 
higher than that of the maximum processing temperature. This prevents excessive 
softening of the solid particles as they form the support for the molten binding liquid 
during the building-up process of agglomerate structure. The fine solid particles may 
be constituted by one or more components. The physicochemical characteristics of 
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both meltable binders and non-meltable fine solid particles are crucial for the outcome 
of a melt agglomeration and are discussed further in section I.H.3. 
 
F. Evaluation and characterization of melt agglomerates 
Over the past decade, many researchers have examined the effects of formulation, 
processing and equipment variables on melt agglomeration process through 
physicochemical characterization of the formed agglomerates. This has contributed to 
a better fundamental understanding of the melt agglomeration process. Similar to 
agglomerates produced by wet techniques, the most common method employed for 
the characterization of melt agglomerates is the determination of mean agglomerate 
size and size distribution by sieving. The size and size distribution of melt 
agglomerates generally fit a log-normal mathematical model. They can be represented 
by geometric weight mean diameter (dgw) and geometric standard deviation (sg) 



















slog  Equation (2) 
where di is the mean diameter, and wi is the weight of agglomerates of sieve fraction i. 
 
Alternatively, the size and size distribution of melt agglomerates can be expressed as 
the model independent mass median diameter and span respectively. The mass 
median diameter is defined as agglomerate size corresponding to 50th weight 
percentile of the cumulative agglomerate size distribution and span being the quotient 
of difference between the agglomerate sizes corresponding to 90th and 10th weight 
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percentiles of cumulative size distribution to mass median diameter. The percentages 
of fines and lumps, generally described with respect to agglomerate fractions 90 to 
250 µm and 2000 to 4000 µm, respectively, are also reported as an indirect 
quantitative input on size distribution of melt agglomerates. 
 
Apart from size and size distribution of melt agglomerates, shape, surface 
morphology, specific surface area, moisture content, density, porosity, tensile 
strength, friability, flow and packing properties have often been determined in 
elucidation of mechanism and kinetics of melt agglomeration, similar to the 
traditional wet agglomeration employing aqueous and organic solutions. The 
distribution of binder content in melt agglomerates has a strong bearing on the 
homogeneity of melt agglomerate growth. When aqueous or organic solutions are 
used as binding liquids, the solvents in them are removed unlike the molten liquids 
which remain as part of the constituents of the agglomerates produced. The actual 
binder content in melt agglomerates has also been measured directly through 
experiments or estimated indirectly via the application of mathematical modeling. A 
direct measurement of polyethylene glycol content was made using near infra-red 
spectrophotometry (Wong et al., 1999). The content of binder in melt agglomerates 
was also determined with the aid of high performance liquid chromatography 
analytical method (Crowley et al., 2000). The polyethylene glycol content was 
indirectly measured from the true density determinations of milled agglomerate 
fraction obtained by gas displacement pycnometry (Schæfer and Mathiesen, 1996a) 




− 1)1(  Equation (3) 
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where x is the fraction of polyethylene glycol, lρ , bρ  and aρ  are true density values 
of lactose, binder and melt agglomerates respectively. The content of polyethylene 
glycol can also be indirectly determined through gravimetric analysis where the 
weight of binder is deduced by weight subtraction of non-binder fraction from that of 
the melt agglomerates (Scott et al., 2000; Johansen and Schæfer, 2001a, 2001b). In 
the case of complexation and crystallite behaviour of drug, binder and fine solid 
particles, the melt agglomerates have often been subjected to evaluation by 
differential scanning calorimetry and x-ray diffractometry. In-vitro dissolution studies 
have been conducted to examine the drug release characteristics of melt agglomerates. 
El-Shanawany (1993) and Voinovich et al. (2000) found that the in-vivo drug release 
attributes of melt agglomerates were in accordance to the in-vitro findings. 
Nonetheless, quantitative relationship between the in-vivo and in-vitro performances 
of melt agglomerates is still generally lacking. 
 
Another important feature of melt agglomerates is their performance stability during 
storage. It was found that the melt agglomerates could maintain their dissolution 
profile after a year of storage at 25°C and 60 % relative humidity (Passerini et al., 
2000). The release of sulfamethazine from tablets made of melt granules remained 
unchanged after 2 years of storage at 25°C in closed containers (Evrard and Delattre, 
1996). Nevertheless, the rate and extent of drug release were found to increase with 
agglomerates stored at an elevated temperature of 40°C and at a relative humidity of 
75 %, probably owing to the softening of the melt matrices (Hamdani et al., 2002; 
Brabander et al., 2003). On the basis of the meltable nature of agglomerates, stability 
testing is preferred to be conducted at an appropriate choice of storage temperature 
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which will not bring about marked alterations to the physicochemical state of the 
agglomerates. 
 
G. Formation and growth mechanisms of agglomeration 
The mechanism of melt agglomeration is similar to that of wet agglomeration, except 
that the formation and growth processes of melt agglomerates are not complicated by 
binding liquid losses via evaporation during the agglomeration process as well as 
events related to the drying step. The growth process of agglomerates is dependent on 
the interplay between the size enlargement and size reduction processes. The 
likelihood of an agglomerate to grow in size or experience breakages is a result of the 
balance between externally applied mechanical forces and agglomerate strength. The 
agglomerates will grow in size if they are sufficiently strong to withstand the impact 
of externally applied forces or vice versa. The strength of agglomerates is affected by 
the relative magnitude of capillary, frictional and viscous forces. The capillary forces 
aid agglomerate consolidation by pulling the solid particles together while the viscous 
and frictional forces resist both consolidation and dilation of the solid particle 
assembly. The mechanisms involved in the formation and growth of agglomerates 
have been traditionally categorized into the five different stages: nucleation, 
coalescence, layering, abrasion transfer, crushing and other concomitant events such 
as snow balling and onion skinning, based mainly on the elementary growth 
mechanism suggested by Sastry and Fuerstenau (1973) (Figure 2). 
 
An alternative description of the agglomeration mechanism has also been proposed 
(Ennis and Litster, 1997; Iveson et al., 2001). The process of agglomeration consists 





















































together with the steps of attrition and breakage (Figure 3). The latter approach is 
becoming more common as it is simpler, which is based on only three sets of rate 
processes, unlike the traditional approach which is more difficult to demarcate 
between the various mechanisms which depends on the cut off size between granule 
and non-granulated material (Iveson et al., 2001). 
 
Based on the Iveson et al. model (2001), agglomeration process consists of a 
combination of three phases: wetting and nucleation, consolidation and growth, 
together with the steps of attrition and breakage. Nucleation is the initial phase of 
agglomeration in which nuclei or small agglomerates of loose and porous structure are 
formed after the primary particles are wetted by a binding liquid. The primary 
particles are bound by liquid bridges in pendular state. The degree of liquid saturation 
of an agglomerate can be increased either by continuous addition of liquid or through 
consolidation of the agglomerates. Two nucleation mechanisms, namely immersion 
and distribution, were proposed by Schæfer and Mathiesen (1996b), based on the 
process of melt agglomeration (Figure 4). The dominance of either mechanism during 
nucleation in melt agglomeration is a function of the ratio between the sizes of 
primary particles and molten binder droplets (Schæfer and Mathiesen, 1996b; Scott et 
al., 2000; Abberger et al., 2002). 
 
Nucleation by immersion (Figure 4a) occurs when the size of the binder droplets is 
greater than that of the fine solid particles. Immersion proceeds by the deposition of 
fine solid particles onto the surfaces of molten binder droplets. The likelihood of 
nucleation by immersion is promoted by large binder droplets, high binder viscosity 
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Figure 4. Modes of nucleation mechanism: (a) immersion and (b) distribution. 







opportunity of molten binder droplets to break down, thus keeping their size 
comparatively large, to several times the size of the fine solid particles. In nucleation 
by distribution (Figure 4b), a molten binding liquid is distributed onto the surfaces of 
fine solid particles. The nuclei are formed by the collision between the wetted 
particles. The nuclei formed have loose structures with entrapped air unlike those of 
produced by the immersion. Generally, small binder droplet size, low binder viscosity 
and high shearing forces are favourable conditions for nucleation by distribution. 
 
The nucleation phase is characterized by the exhaustion of fines (Schæfer, 2001) as a 
consequence of coalescence between the wetted primary particles or the primary 
particles with the formed nuclei. The resultant nuclei would undergo consolidation 
under impact of externally applied mechanical forces and gain sufficient strength to 
resist further breakdown by impact forces and will be able to grow into bigger 
agglomerates. 
 
During consolidation and growth stage, agglomerates progress in size from the 
formed nuclei to larger entities, typically by binary coalescence and later layering. 
The number of nuclei is progressively reduced with an increase in size of the resultant 
agglomerates by coalescence. In contrast, the number of agglomerates remains largely 
unchanged when size enlargement proceeds by layering. The layering growth stage 
generally takes place after the agglomerates have attained a certain size and rigidity 
and is associated with the reduced rate of coalescence (Ennis et al., 1991). 
 
The probability of successful fusion between the collided nuclei is dependent on the 
liquid saturation state of nuclei. During the process of agglomeration, the 
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agglomerates are consolidated by the agitation forces. The reduction in agglomerate 
pore size and number promote the migration of binding liquid from agglomerate core 
to surfaces, thus enhancing the surface plasticity and propensity of agglomerate to 
grow by coalescence. The rate and extent of consolidation of an agglomerate are 
governed by inter-particulate frictional, capillary and viscous forces. The inter-
particulate frictional and viscous forces resist the consolidation process of 
agglomerates. Conversely, the capillary forces promote consolidation of agglomerates 
by pulling the particles together (Iveson and Lister, 1998b). The net extent of 
consolidation for an agglomerate is dependent on the relative magnitudes of these 
forces which are functions of agglomerate size, viscosity and surface tension of 
binding liquid as well as physicochemical properties of fine solid particles (Iveson 
and Litster, 1996; Eliasen et al., 1999b; Wong et al., 1999; Scott et al., 2000; Thies 
and Kleinebudde, 2001). 
 
The degree of liquid saturation of an agglomerate may be increased through 
consolidating the agglomerates by agitation. Alternatively, it is attainable by adding 
an additional volume of binding liquid to the existing agglomerates, making the liquid 
bridges of nuclei progress from pendular to funicular and followed by capillary state 
where the level of liquid saturation can be as high as 80 to 100 %. The degree of 
liquid saturation reaches and probably exceeds 100 % prior to agglomeration when a 
cohesive powder, highly viscous binding liquid or an excessive amount of binding 
liquid is employed. At the droplet state when excessively high liquid saturation is 
attained, there is considerable risk of agglomerate overwetting and uncontrollable 
agglomerate growth may result. In contrast to the conventional wet agglomeration 
processes, the level of liquid saturation of melt agglomerates cannot be reduced via 
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the evaporation of solvent. The effects of excess surface wetness are counteracted by 
the application of a very high impeller speed which aids in the dispersion of lumps 
and large agglomerates or through the use of porous fine particles which could 
accommodate binding liquid in pores and crevices, away from the agglomerate 
surfaces. 
 
Attrition and breakage refer to the phenomenon of agglomerate fragmentation in dry 
and wet states, respectively (Iveson et al., 2001). In melt agglomeration, the 
agglomerates produced can be solidified by tray cooling to ambient temperature 
without the need for drying by a tumbling process. Consequently, comparing to 
attrition, breakage is known to have a more essential role in affecting the resultant 
properties of the melt agglomerates during the agglomerative phase.  
 
The propensity of agglomerate breakage is largely governed by the strength of the 
agglomerates. Rumpf (1962) described the strength of moist agglomerates in their 





ε1SCσ t  Equation (4) 
where  is the tensile strength, S is the liquid saturation, C is a constant, ε is the 
agglomerate porosity, γ is the surface tension of binding liquid, d is the surface mean 
particle diameter and  is the contact angle between the solid particles and the 
binding liquid. The strength of moist agglomerates is promoted by an elevation in 
surface tension of the binding liquid, liquid saturation and wetting state of solid 





 The application of a binding liquid with low viscosity and surface tension values 
increases the propensity of agglomerates to breakage (Eliasen et al., 1999b). This 
deters the agglomerates from consolidation. The regular breakage of agglomerates 
aids in distribution of binding liquid across the solid particle bed ensuring 
homogeneous agglomerate growth. Nevertheless, it prevents the complete build-up of 
structure, which is needed for size enlargement process. In the case of spheronization, 
the regular breakage of agglomerates is translated to the absence of a plastically 
deformable coalesced structure which is needed for rounding through remodeling of 
agglomerate surfaces by particle rearrangement. 
 
H. Variables of agglomeration in high shear mixer 
The process of agglomeration in a high shear mixer is affected by instrument, 
formulation and process variables which have been widely investigated, using 
traditional wet agglomeration method. However, some of these variables are still 
comparatively less explored in agglomeration using meltable binders, especially those 
of hydrophobic meltable binders. 
 
1. Instrument variables 
a. Chopper 
In traditional wet agglomeration, researchers had reported that the use of chopper 
reduced the amount of large agglomerates (Schæfer et al., 1986a) and affected the rate 
of agglomerate consolidation and growth (Schæfer, 1988; Hoornaert et al., 1998). The 
extent of agglomerate comminution is determined by the placement of the chopper 
(Schæfer, 1988). The use of chopper narrowed the agglomerate size distributions 
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(Kinget and Kemel, 1985) and was useful in reducing the fraction of large 
agglomerates (Knight, 1993). Nonetheless, it was reported that highly spherical 
agglomerates of narrow size distribution were successfully produced without the use 
of chopper (Schæfer et al., 1993b) and the effects of choppers were found to be 
inappreciable when compared to processing parameters (Schæfer et al., 1992a). The 
usefulness of chopper in melt agglomeration remains debatable and it may have an 
essential role when the agglomeration process is carried out at low impeller speeds. 
 
b. Impeller design 
The design of impeller had been a subject of interest in wet agglomeration process. 
The impeller design variations included dimension, angle of inclination and shape. 
Relative swept volume defined as a quotient of the swept volume with the volume of 
the mixer bowl had been widely used to obtain quantitative comparisons on 
agglomeration capacity between impellers of different dimensions (Schæfer et al., 
1987). The swept volume is calculated based on the impeller speed and vertical 
dimension of the blade. The profile of agglomeration process is dependent on the 
impeller design. Generally, a higher energy input brought about by a larger swept 
volume gave rise to denser agglomerates of narrower size distribution (Schæfer et al., 
1987) and impeller of a higher angle of inclination produced denser and rounder 
agglomerates (Holm, 1987). In addition, modification of the shape of impeller to one 
with curved tips was able to deliver higher energy input and better mass movement 
than plain flat blade, giving rise to denser agglomerates with a narrower size 
distribution (Schæfer et al., 1986a; Schæfer, 1988).  
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Similar findings of the use of curved tips were reported in melt agglomeration 
(Schæfer et al., 1993b; Wong, 1998) whereby denser agglomerates with narrower size 
distributions were produced due to higher energy input. Voinovich et al. (1999, 2001) 
reported that the influence of different types of impellers was prominent on the 
agglomerate size, and would affect the yield of melt agglomerates in the desired size 
fractions.  
 
c. Chamber lining 
Mass adhesion to the processing chamber is a result of wet agglomerates colliding 
with the wall where they may deform and/or adhere. Extensive mass adhesion causes 
inharmonic material circulation in the processing chamber and results in poor control 
of agglomerate growth. Therefore, adhesion to the chamber wall has to be addressed 
when melt agglomeration is carried out. It was found that the use of 
polytetrafluoroethylene (PTFE) to line the chamber wall reduced the extent of 
adhesion markedly (Booth and Newton, 1987; Schæfer et al., 1992a, Zhou et al., 
1997). Although the level of adhesion could also be lowered by the proper choice of 
binder material, for instance, polyethylene glycols (Schæfer et al., 1990), and the use 
of specially designed impellers that results in a more helix-like material movement 
leading to less adhesion of wetted mass onto the wall and lid of the mixer bowl, the 
use of PTFE-lined processing chamber remained a common practice in melt 
agglomeration. 
 
d. Off-bottom clearance 
In the study of mixing geometry, the distance between the impeller base and the floor 
of the chamber or the off-bottom clearance affects the overall flow pattern of 
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processing material in an agitated chamber with impeller orientated axially and 
radially (Matthews, 1982; Oldshue, 1983; Jaworski et al., 1991; Tatterson, 1991; 
Kresta and Wood; 1993). In melt agglomeration, the off-bottom clearance between 
the floor of the mixer bowl and the base of the impeller was shown to have influence 
on the size and size distribution of melt agglomerates produced using lactose and PEG 
3000 (Heng et al., 1999a). With a wider clearance, the melt agglomerates had a wider 
size distribution and grew uncontrollably larger. It was recommended that the off-
bottom clearance should be determined and kept constant for better reproducibility of 
the melt agglomeration process.  
 
2. Process variables 
a. Mixer load 
The use of an optimal mixer load was necessary for producing melt agglomerates of 
good quality (Thomsen et al., 1993; Heng et al., 2000a) as a more homogenous 
material spinning could be obtained with a reasonable load of mass introduced. A 
mixer load that was too high or too low may not produce the helix-like movement of 
the material. A higher mixer load was reported to give rise to smaller agglomerates 
(McTaggart et al., 1984; Schæfer et al., 1993a; Thomsen et al., 1993), wider size 
distribution but with fewer lumps and better process reproducibility (Schæfer et al., 
1993a). A lower load may be associated with uncontrollable formation of lumps upon 
prolonged massing as the specific energy input was higher with lower mixer load. 
 
b. Jacket temperature 
A high shear mixer used for melt agglomeration process can be optionally equipped 
with a water or electric jacket to raise the product temperature to the melting point of 
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meltable binders, as well as to maintain the product temperature during post-melt 
massing. Thomsen et al. (1994) showed that the jacket temperature setting near the 
upper limit of melting range of the hydrophobic binders could reduce the extent of 
adhesion while Schæfer et al. (1993a) reported that setting the jacket temperature 
approximately 10°C below binder melting point was applicable for melt 
agglomeration. The use of water jacket reduced the temperature difference between 
the chamber wall and the material under agglomeration and thus would reduce the 
tendency for wet mass adhesion (Zhu, 2000). On the other hand, a contradictory 
finding was reported whereby the amount of adhesion to the mixer bowl was 
generally found to be higher at the highest jacket temperature (Eliasen et al., 1999b). 
This observation was not clearly explained but the size distribution of the 
agglomerates seemed to be not affected by the variations in the amount of adhesion. 
When the jacket temperature was set below the melting point of the binder, higher 
percentage of lumps was obtained, probably due to opportunistic solidification of the 
molten binder upon hitting the wall of the mixer which was cooler due to the low 
temperature setting of the water jacket (Schæfer et al., 1993a). A higher jacket 
temperature is correlated to a higher product temperature at various impeller speeds 
(Eliasen et al., 1999b). A higher product temperature as a consequence of higher set 
jacket temperature could promote comminution of agglomerates when a meltable 
binder of low viscosity was used (Eliasen et al., 1999b) as the surface tension and the 
viscosity of the molten liquid were lower with an increase in temperature leading to 
reduced binding strength of the agglomerates. 
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c. Impeller speed 
The speed of impeller of a high shear mixer can vary between 100 to 1500 rpm and 
even up to 3800 rpm (McTaggart et al., 1984). The high mixing speed helps to melt 
the binder within a reasonably short time and distribute the viscous molten binder 
more homogenously. Impeller speed has a marked influence on agglomerate growth.  
 
For higher viscosity binder such as polyethylene glycol 3000 (about 200 mPa.s at 
70°C) and polyethylene glycol 6000 (about 900 mPa.s at 70°C), mixing speeds used 
in the experiments were usually in the range of 1000 to 1300 rpm (Heng et al., 
2000b). The high impeller speed promoted coalescence of agglomerates through 
increasing liquid saturation of agglomerates thus leading to a higher agglomerate 
growth (Schæfer et al., 1990, 1993b; Ukita and Murakami, 1994; Schæfer, 1996a, 
1996b) and producing denser melt agglomerates of a higher level of sphericity via 
consolidation of particles within the agglomerates (Heng et al., 2000b). Using a low 
impeller speed of 400 rpm, the agglomeration of lactose powder with PEG 6000 in a 
high shear mixer had been shown to enable agglomerate growth in a slow and 
controllable manner with increased binder content although less spherical 
agglomerates of wider size distribution were produced (Seo and Schæfer, 2001). 
Highly viscous binder is recommended to be processed using low impeller speeds for 
immersion mechanism to take place and agglomerate growth to proceed at a slow rate, 
or else, high impeller speed is still a preferred choice. 
 
For low viscosity binders, which comprise mainly of hydrophobic binders, the use of 
high impeller speed was not conducive as comminution of agglomerates was high due 
to the absence of strong viscous binding forces to hold the agglomerates (Eliasen et 
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al., 1999b). Impeller speeds in the range of 200 to 600 rpm were usually employed 
(Thomsen et al., 1993, 1994; Voinovich et al., 2000; Thies and Kleinebudde, 2001). 
 
d. Massing time 
Generally, a longer massing time promotes agglomerate growth (Schæfer et al., 
1992a) and improves the sphericity of melt agglomerates (Heng et al., 2000b). The 
increased massing time help to densify the agglomerates to a greater extent and more 
binder liquid will be squeezed out to the surface. This increases the surface 
deformability of agglomerates and therefore enhances the propensity of the 
agglomerate coalescence as well as roundening, on the condition that the binder 
content is sufficient to provide the requisite plasticity. At low levels of binder content, 
the agglomerates would be unable to coalesce into larger entities due to the 
insufficient binder at the agglomerate surfaces in spite of long massing times (Knight, 
1993). 
 
e. Mode of binder addition 
During the melt agglomeration process, the meltable binder can be either admixed 
with the powder mass in solid form after which the mixture is heated to the melting 
point of the meltable binder (mix-in method) or be added into the powder mass in the 
form of molten liquid (pour-on method). The mode of binder addition affects the 
nucleation mechanism of the agglomeration where the mix-in method usually gives 
rise to distribution mechanism and the pour-on method to immersion mechanism 
(Scott et al., 2000; Vilhemsen et al., 2005). Generally, when the binder is added using 
the pour-on method, it may be more difficult to distribute the molten liquid if the 
viscosity of the molten liquid is high and/or the maximum impeller speed of the mixer 
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is low. Therefore, it is preferable to add the binder via the mix-in method to obtain a 
more uniform distribution of binder before it melts (Vilhemsen et al., 2005), giving 
rise to lower percentage of coarse granules than the pour-on method (Knight et al., 
1998). The heterogeneity of the agglomerate distribution could be affected by the 
mode of binder addition. With the pour-on method, the heterogeneity could be a result 
of preferential nucleation and the mix-in method, as a result of preferential growth 
(Scott et al., 2000). Hence, the mode of binder addition can have a significant impact 
on the growth kinetics of the melt agglomerates. 
 
3. Formulation variables 
a. Type of meltable binder 
The meltable binder can be divided into two types: hydrophilic and hydrophobic 
binders. Polyethylene glycols were found to be particularly suitable for melt 
agglomeration, mainly due to their association with a low extent of mass adhesion to 
the processing chamber (Schæfer et al., 1990). Its suitability for the melt 
agglomeration process has enabled extensive studies of the effects of processing 
variables on melt agglomeration (McTaggart et al., 1984; Schæfer et al., 1992a; Heng 
et al., 1999b, 2000a, 2000b; Knight et al., 2000).  
 
The hydrophobic binders such as fatty acids and waxes give rise to a higher mass of 
adhesion. This could be due to higher electrostatic charging (Thomsen et al., 1994) 
and higher affinity of the hydrophobic meltable binder to the PTFE-lined chamber 
wall (Peerbom and Delattre, 1995). Agglomerates with a wide size distribution were 
formed as a result of inharmonic material circulation and poor control of the process 
related to adhesion. Hydrophobic binders have lower viscosity values than that of 
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polyethylene glycols, usually below 50 mPa.s. Without the support of strong viscous 
forces, the agglomerates formed are more susceptible to breakage (Eliasen et al., 
1999b). Hence, agglomerates with wide size distribution are usually produced. The 
hydrophobic meltable binders have been relatively less studied as compared to their 
hydrophilic counterparts. Further research is definitely required to understand the 
formation and growth mechanisms associated with this type of binders. The tendency 
for breakage of weak agglomerates formed is high with the use of hydrophobic 
binders. 
 
b. Binder content 
With an increase in binder content, there is an exponential increase in mean size of 
agglomerates produced using wet agglomeration (Usteri and Leuenberger, 1989) and 
melt agglomeration methods (Kinget and Kemel, 1985; Knight, 1993; Schæfer et al., 
1990, 1992a, 1992b, 1992c; Ukita and Murakami, 1994; Schæfer, 1996b). 
 
Although there have been correlations developed to estimate the required binder 
content of a particular system, these attempts were proved to be unsuccessful for 
powder mixtures with more than one component, or for powders with varying 
diameter and particle shapes (Walker et al., 2005). Partial dissolution of the solids in 
liquid leads to very complicated binding forces (Bergman et al., 1998) and the 
predictability of the binder content required for agglomeration is compromised. For 
example, Thies and Kleinebudde (2001) demonstrated that high solubility of sodium 
valproate in glyceryl monostearate had rendered a high ratio of binder to powder mass 
to be used for melt agglomeration and given to a high agglomerate growth rate. In 
addition, a more cohesive powder is more sensitive to variations in the binder 
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concentration (Schæfer, 1996a) and a loose powder will require much higher binder 
concentration for agglomerate growth as the binder is required to fill up the pores 
present between adhering particles (Schæfer, 1996b).  
 
In general, a higher binder content is translated to a higher level of liquid saturation. 
More binder can be squeezed out to the surface of the agglomerate with continuous 
action of densification and/or wetting. The binder at the surface serves as lubricant to 
reduce interparticulate friction (Kristensen et al., 1985). This imparts surface 
plasticity to the agglomerates and they become more deformable. The particles may 
consolidate further and promotes agglomerate growth through coalescence. Therefore, 
there is an increase in mean agglomerate size when the binder content increases. 
Using a fluidizing hot-melt granulation technique, Walker et al. (2005) showed that at 
the granule size and strength were positively dependent on the binder content. Besides 
promoting agglomerate growth, an increase in the content of a hydrophobic binder 
was able to retard the rate of drug release (Thomsen et al., 1994; Hamdani et al., 
2002; Maheshwari et al., 2003). 
 
c. Binder viscosity 
Binder viscosity acts to affect wet agglomerate strength by providing viscous forces to 
liquid bridges formed among solid particles under collision impact (Reynolds et al., 
2005). Binder viscosity has a strong influence on agglomeration (Iveson et al., 1996) 
and its effect is interactive with binder content. The effect of binder viscosity on the 
agglomerate growth is complex, because a high viscosity can either promote or 
counteract agglomerate growth (Schæfer and Mathiesen, 1996b). Based on the work 
of Ennis et al. (1991) on dynamic liquid bridges, where a dimensionless viscous 
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Stokes’ number (Stv) was used, the relationship of viscosity with the agglomerate 
growth was illustrated. 
 
The viscous Stokes’ number is a measure of the ratio of the collisional energy to the 
viscous dissipation brought about by the binder liquid represented by Equation (5). 
Stv = (8ρu0r) / 9µ  Equation (5) 
where ρ is the density of the particle or agglomerate, u0 is the initial relative 
collisional velocity, r is the particle radius and µ is the binder viscosity. In a mixer 
granulator, u0 also equals to rw, where w is the impeller rotation speed. Therefore, 
Equation (5) can be rewritten as follows: 
Stv = (8ρr2w) / 9µ Equation (6) 
 
According to this equation, agglomerate growth by coalescence is promoted by a low 
value of Stv, where the viscosity of the binder provides sufficient viscous force to 
withstand the collisional energy. If the value of Stv is too high, the agglomerate will 
break. In other words, coalescence will occur only below a critical value of Stv, Stv*. It 
was found that this critical value, Stv* is related to particle deformability, thickness of 






+  Equation (7) 
where e is particle coefficient of restitution, which is between 0-1 with 1 equals to the 
highest rigidity, h is the thickness of the liquid layer on the surface of the colliding 
particles and ha is a characteristic length scale of surface asperities or roughness.  
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Agglomerate growth by coalescence is promoted by a low value of Stv and a high 
value of Stv*. The agglomerate growth is promoted by low particle density, low 
impeller rotation speed, small particle/agglomerate size, high binder viscosity, high 
deformability of the particles/agglomerates, increased thickness of the liquid layer, 
and by smooth surfaces of the particles/agglomerates. A high viscosity promotes 
agglomerate growth according to Equation 6 and counteracts it according to Equation 
7, because a high viscosity will render the binder to be more difficult to be distributed 
to the surface and affects the deformability and surface roughness of the 
agglomerates. Therefore, there is a critical value of viscosity for the growth promoting 
effect of viscosity to take place. 
 
The dynamic liquid bridge strength is dominated by viscous forces (Mazzone et al., 
1987) and additionally affected capillary forces brought about by the surface tension 
of the binder (Ennis et al., 1991; Tardos et al., 1997). Keningley et al. (1997) found 
that the compaction of the agglomerates was controlled by frictional forces generated 
principally by the action of capillary pressure but the binder viscosity dominates the 
consolidation process above a critical viscosity (1Pa.s). Nonetheless, the critical 
viscosity was established using silicone fluids on calcium carbonate powders which 
may not be fully applicable to systems using hydrophilic and hydrophobic meltable 
binders. 
 
In melt agglomeration, a high binder viscosity reduces the binder mobility in 
agglomerates, limiting compaction by resisting binder migration to the agglomerate 
surface (Ennis et al., 1991, Schæfer and Mathiesen, 1996b; Keningley et al., 1997), 
results in larger agglomerates of wider size distribution (Kinget and Kemel, 1985; 
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Hoornaert et al., 1998) associated with a lower initial growth rate (Schæfer and 
Mathiesen, 1996b; Johansen and Schæfer, 2001). The mean agglomerate size and 
agglomerate size distribution are more strongly influenced by the binder viscosity and 
tack than the binder size and shape (Wong et al., 1999). 
 
For low viscosity binders (less than 50 mPa.s), which are usually associated with 
hydrophobic meltable binders, the impact of viscosity on the melt agglomeration 
process had been relatively less studied, except it is known that there is a higher 
tendency of agglomerate breakage when the viscous binding strength of the binder is 
low (Eliasen et al., 1999b). Nonetheless, the melt agglomeration mechanism could not 
be entirely explained or linked with the binder viscosity (Thomsen et al., 1994; Thies 
and Kleinebudde, 2001). The impact of other forces may have a greater role and this 
warrants further studies.  
 
d. Binder wettability and surface tension 
In all agglomeration processes, wetting of fine solid particles by the binding liquid is 
essential for the formation of liquid bridges. Without a sufficient level of wetting, fine 
solid particles can only be bound together by weaker forces such as mechanical 
interlocking and electrostatic charges, giving rise to agglomerates of lower 
mechanical strength and wider size distribution. Unfortunately, the effect of binder 
surface tension on consolidation and growth processes of agglomerates has received 
relatively little attention (Iveson et al., 2001) and there have been contradictory 




Generally, the fine solid particles within an agglomerate are bound by the binding 
liquid through a combination of capillary pressure, surface tension and viscous forces 
(Iveson and Litster, 1998a). The binding liquid is sucked into the void space between 
particles by capillary pressure. With continuous wetting and densification of the 
particles, more binding liquid will appear on the surface of the agglomerates. This 
excess surface wetness will render the agglomerates to be more plastic and 
deformable. The growth kinetics of agglomerates is dependent on their plastic 
deformability (Ouchiyama and Tanaka, 1975; Kristensen et al., 1985). A higher level 
of deformability would provide a larger area of interparticulate contact and stronger 
bond formed within an agglomerate would be able to survive the collision forces 
(Iveson and Litster, 1998a). Iveson and Litster also pointed out that lowering the 
surface tension of a binding liquid reduces the capillary suction pressure and the 
frictional forces acting at the contact points between the particles. As a consequence, 
the agglomerates become more deformable and a greater propensity for agglomerate 
coalescence is promoted although the rate and extent of consolidation may be affected 
differently. Practically, a reduction in the surface tension of the binding liquid will 
allow the particles to re-arrange more easily. A high surface tension is thought to be 
less desirable for agglomerate growth from the point of deformability. On the other 
hand, Rumpf (1962) proposed that the surface tension of a binding liquid contributed 
to the static agglomerate strength in the funicular and capillary state. A higher surface 
tension will increase the resistance of particles to fall apart and thereby agglomerates 
could possess a higher strength for further consolidation (Ritala et al., 1988). 
Coincidentally, Iveson and Litster (1998b) showed that the dynamic yield strength of 
agglomerates decreased and the intragranular porosity of agglomerates increased with 
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a decrease in binder surface tension. The resultant changes in agglomerates allowed 
the intra-agglomerate solid particles to dilate or shear apart more easily. 
 
The above findings are all reported based on conventional wet agglomeration method. 
There have been very little or almost no investigations carried out involving melt 
agglomeration. Unlike the conventional wet agglomeration method, the molten 
binding liquid will not be evaporated off and the probability of the powder mass to 
dissolve in the meltable binders, especially those of hydrophobic meltable binders 
intended for prolonged-release formulations is very low during the agglomeration 
process. Thus, the study of the impact of surface tension can be more appropriately 
carried out using the melt agglomeration process.  
 
e. Binder particle size  
In melt agglomeration process using high shear mixer, the size of solid binder 
particles determines the size of the molten binding liquid droplets formed at the onset 
of binder melting. Upon prolonged high shear mixing, the molten binding liquid 
droplets will be comminuted and this in turn reduces the effect of the solid binder 
particle size on melt agglomerates formed. The particle size of polyethylene glycol 
6000 was found to have a limited effect on the mean agglomerate size and no effect 
on the size distribution of melt agglomerates (Schæfer et al., 1990). Conversely, Ukita 
and Murakami (1994) concluded that the large PEG 6000 flakes were unsuitable for 
use as a binder, as compared to the powder form due to insufficient distribution of the 
molten binding liquid. The dissimilar findings on the effects of binder particle sizes 
could be due to differences in impeller speeds used. The distribution of molten binder 
in the former study could be more efficient owing to a higher impeller speed. Wong et 
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al. (1999) showed that the solid PEG 6000 particle size had a limited effect on the size 
distribution of melt agglomerates unless the mean size of the PEG 6000 was larger 
than 16 mm. In the same study, it was found that the effects of binder particle size 
were less pronounced when compared to the influences of viscosity and tack of the 
molten binding liquid. In another study by Schæfer and Mathiesen (1996c), the binder 
particle size was found to interact with the binder viscosity with respect to the 
outcome of agglomerate formation. For binders with low viscosity values, typically 
below 900 mPa.s at 90°C the binder particle size had only a slight effect on the initial 
agglomerate formation. With highly viscous binder, PEG flakes gave rise to larger 
agglomerates than PEG powders and the shape of the agglomerates took the form of 
the PEG particles. The binder particle size is less likely to affect the agglomerate size 
and size distribution if the agglomerates are formed by the distribution mechanism as 
compared to that of immersion mechanism due to the difficulty in shearing the molten 
droplets in the latter case (Schæfer et al., 1990; Schæfer and Mathiesen, 1996b, c). 
 
f. Solid particle properties 
Powder or bulk material of larger particle sizes generally gives rise to larger 
agglomerates when the amount of binding liquid was kept constant (Kinget and 
Kemel, 1985) or required less amount of binding liquid to keep the agglomerate size 
equal (Schæfer et al., 1992c) under similar process and equipment conditions, owing 
to a smaller specific particle surface area was available to interact with the binding 
liquid . Powders of larger particle size tend to form product of wider size distribution 
and more lumps (Schæfer et al., 1992c; Schæfer, 1996b; Schæfer and Mathiesen, 
1996b). A smaller particle size will usually make the packing of the particles more 
difficult, thus causing a higher inter-particulate porosity, leading to a higher liquid-to-
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solid ratio required to produce agglomerate of a given size (Schæfer et al., 1992c; 
Peerboom and Delattre, 1995; Schæfer, 1996a; Knight et al., 1998). Smaller particles 
are preferable for producing spherical melt agglomerates with a smooth surface 
(Schæfer et al., 1992c; Schæfer, 1996b) when sufficient molten binding liquid was 
present. Nonetheless, in case of cohesive powders with particle size smaller than 10 
µm, the liquid-to-solid ratio required to make them sufficiently deformable could be 
so high that uncontrollable agglomerate growth could occur (Schæfer, 1996b; Schæfer 
and Mathiesen, 1996a). In case of powders with particle size larger than 100 µm, the 
agglomeration could not progress because of excessive breakage as the agglomerate 
strength were too low (Thomsen, 1994) unless highly viscous binder was used to 
increase the agglomerate strength considerably (Keningley et al., 1997; Johansen and 
Schæfer, 2001). The optimum particle size of powders conducive for melt 
agglomeration seemed to be in the range between 20 and 80 µm, with 20 to 25 µm 
being the ideal range for the production of highly spherical melt pellets as larger 
powder particles resulted in the formation of irregularly shaped melt granules 
(Schæfer et al., 1992c). In the latter, additive may be added to the powder in 
production of melt pellets (Thomsen, 1994). In addition, powder particle size interacts 
with binder viscosity to exert an effect on the intergranular and intragranular particle 
size heterogeneity during high shear agglomeration (Schæfer et al., 2004). In order to 
produce strong agglomerates of low intergranular particle size heterogeneity, a low 
viscosity binder has to be chosen when the powder particle size is small and a high 
viscosity binder must be applied in case of large powder particles (Johansen and 
Schæfer, 2001; Schæfer et al., 2004). 
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The size distribution of powder had an effect on the inter-particulate packing within 
agglomerates. Powder of a narrower size distribution would result in a looser packing 
of solid particles within the agglomerates thereby giving rise to the formation of 
weaker agglomerates (Johansen and Schæfer, 2001). 
 
Particle shape of powders affects the agglomerate strength and binding liquid 
requirement. With a greater propensity of interlocking between irregularly shaped 
particles, the strength of agglomerates could increase and the need of binder might be 
reduced (Schæfer and Mathiesen, 1996a). Similarly, the surface property of the melt 
agglomerates could be modified through varying the particle shape of the powders, 
(Schæfer, 1996b). The use of plate-like and needle-like particles of mannitol reduced 
the agglomerate strength causing a wider agglomerate size distribution and a less 
spherical agglomerate shape (Schæfer, 1996b). Addition of more spherical lactose to 
the powder mix improved the surface morphology of the agglomerates. 
 
g. Water of crystallization 
Liberation of water of crystallization from lactose monohydrate commenced at a 
product temperature between 80°C and 90°C during melt agglomeration processes 
and had an influence on the binding liquid requirement (Schæfer et al., 1992b, 
1993b). Agglomerate growth rate was decreased as a result of increased population of 
pores due to loss of vapour and this affected the liquid saturation (Schæfer and 
Mathiesen, 1996a). If experimental conditions were chosen such that the product 
temperature was kept low, the influence of the effects of evaporation of water of 
crystallization from lactose monohydrate could be avoided (Eliasen et al., 1999).  
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I. Control of melt agglomeration 
The growth processes of melt agglomerates are sensitive to formulation, processing 
and equipment variables. A better understanding of the mechanism of melt 
agglomerate formation aids in the development of methods to control and/or monitor 
in-process changes of product attributes. In conventional wet agglomeration process, 
the instrumentation of equipment to monitor and control the operation has been 
studied by several investigators. Incorporation of sensors and suitable instrumentation 
of the equipment enable changes in agglomerate properties during the agglomeration 
process to be monitored such that the progress and end point of the process can be 
accurately predicted. These include the monitoring of: 
• image processing / infra-red spectroscopy / bed height, 
• torque / current / power consumption, 
• energy consumption. 
Image processing, infra-red spectroscopy and bed height monitoring have been 
applied in fluid-bed agglomeration process to monitor the moisture content of the 
agglomerates (Watano et al., 1991, 1994a; Frake et al., 1997) or agglomerate size and 
shape (Watano et al., 1994a, 1994b, 1994c, 1995, 1996). Of all instrumentation 
techniques, the image processing system can potentially be adopted as a tool to 
control the melt agglomeration process. A heat-resistance optic device capable of 
withstanding the processing temperatures associated with the melt agglomeration 
process of up to as high as 120°C will be required. Infra-red spectroscopy to monitor 
moisture content appears to be less applicable to melt agglomeration process because 
the latter usually involves the addition of solid binder into the powder mass and 
practically there is no need to monitor the binder content changes as in the case of wet 
agglomeration. The monitoring of bed height is more suitable for melt agglomeration 
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using a fluid-bed agglomerator. For high shear mixer, the bed height of powder 
particles in the processing chamber is less affected by gravitational forces and upward 
air flow velocity required for particle suspension. For a given material load, the bed 
height is expected to have minimal effects on the changes in product attributes. It is 
envisaged that the measurement of bed height would be less useful in monitoring in-
process product attributes in melt agglomeration with high shear mixer. 
 
For wet agglomeration in high shear mixer, torque (Corvari et al., 1992; Kopcha et al., 
1992), current (D’Alonzo et al., 1990; Lin and Peck, 1995) and power consumption 
monitoring (Holm et al., 1985a, b; Ritala et al., 1986, 1988; Baert, 1992; Corvari et 
al., 1992; Kopcha et al., 1992; Watano et al., 1992; Kleinebudde, 1995; Laicher et al., 
1997) had been used. Technically, power and current consumption are the simpler 
techniques for monitoring the agglomerate growth in a high shear mixer. It was easier 
to equip a high shear mixer with a power consumption meter than a sensor for torque 
or slip measurement (Kristensen and Schæfer, 1993). Holm et al. (1985a) showed that 
the power consumption profile of an agglomeration process was related to plasticity 
and liquid saturation of the processing material as well as that of the inter-particulate 
friction within the agglomerates. Since plastic deformation is important for 
agglomerate growth, power consumption may be related to the agglomeration 
propensity.  
 
A slow and continuous binding liquid addition is a prerequisite for obtaining a power 
consumption that is suitable for use in process control of wet agglomeration (Holm, 
1997). Typically, five characteristic phases of power consumption are identified 
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observable rise in the power consumption. The subsequent addition of binding liquid 
brings about particle agglomeration and sharp rise in the magnitude of power 
consumption. The power consumption of the agglomeration process levels off as the 
agglomerates gradually become dense and saturated with the binding liquid. During 
the fourth phase, the power consumption rises due to overwetting and excessive 
growth of agglomerates by coalescence. The power consumption falls in the fifth 
phase due to the formation of a suspension upon the addition of an excessive amount 
of the binding liquid. The optimum end point of the process usually lies within the 
third phase of the power consumption tracing. The shape of the power consumption 
profiles may vary depending on the formulations, densitification rate of the 
agglomerates as well as liquid addition rate (Holm et al., 1985b; Lindberg and 
Jönsson, 1985). 
 
In the case of melt agglomeration process, the addition of meltable binder is almost 
instantaneous. This lack of the typical power consumption profile makes power 
consumption measurement less suitable for monitoring melt agglomeration end-point 
as in the case of the wet agglomeration process. In laboratory high shear mixers, an 
increase in melt agglomerate size is not reflected in the power consumption signals 
except at an excessively high impeller speed (Schæfer et al., 1993a; Schæfer, 1996b). 
The deformability of the agglomerates produced by a molten binding liquid is 
relatively low in comparison to that of agglomerates formed when using an aqueous 
binding liquid. The sensitivity of power consumption measurement is not sufficiently 
discriminating to reflect small changes in the plasticity of melt agglomerates. 
Generally, a higher level of power consumption is recorded when a higher impeller 
speed or a more viscous molten binding liquid is employed for the preparation of melt 
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agglomerates. The rise in power consumption is delayed when a viscous meltable 
binder is used (Schæfer and Mathiesen, 1996b). The growth process of melt 
agglomerates is not easily interpreted from the record of power consumption when the 
growth propensity of melt agglomerates is strongly governed by the viscosity of the 
molten binding liquid. This is ascribed to greater difficulties in distributing viscous 
molten binding liquid and slower rate of agglomerate densification. A viscous binder 
hinders the consolidation of agglomerates as a viscous liquid resists plastic 
deformation and its migration from core to the surface of the agglomerate during 
consolidation. The power consumption measurements are not directly comparable 
between high shear mixers of different processing capacities. However, the values of 
power consumption can be correlated to the changes in size of the agglomerates 
produced using large scale high shear mixer, albeit such relationship is not attainable 
when using a laboratory scale high shear mixer (Schæfer et al., 1993b). 
 
The energy consumption monitoring has also been employed in melt agglomeration 
(Heng et al., 1999b, 2000b). The post-melt specific power consumption was 
calculated by dividing the post-melt power consumption read at specific post-melt 
processing time, with the total weight of processing material. The post-melt specific 
energy consumption was obtained by integrating the area of post-melt specific power 
consumption against post-melt processing time curve. The average post-melt specific 
power consumption was represented by quotient of post-melt specific energy 
consumption to that of the corresponding length of post-melt processing time. It was 
found that the increase in the melt agglomerate size was more closely correlated to the 
post-melt specific energy consumption than that of the average post-melt specific 
power consumption or post-melt specific power consumption. This is because specific 
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energy consumption can be considered as the amount of work done for the formative 
process of consolidating the primary particles into melt agglomerates. It is more 
indicative of the stage of melt agglomerate growth. The post-melt specific energy 
consumption and post-melt processing time were linearly correlated and the formation 
of larger melt agglomerates at longer processing time involved a greater level of 
energy consumption. The post-melt specific energy consumption and melt 
agglomerate size were linearly related and such relationship was not dependent on the 
effect of impeller speed except that of the binder concentration and size of solid 
particles. In relating the influences of binder concentration and size of solid particles 
on the outcome of agglomeration with respect to post-melt specific energy 
consumption, an equation was established. Nonetheless, one shall highlight that the 
application of post-melt specific energy consumption for the control of melt 
agglomeration process would be inappropriate in processes encountering an excessive 
level of material adhesion or when large amounts of lumps are formed. The effective 
weight of processing material is markedly reduced in the presence of an excessive 
level of material adhesion. This will give rise to inaccuracies in computing the post-
melt specific energy consumption level. With the excessive formation of lumps, the 
rope-like flow pattern of the agglomerates will be affected. The movement of 
agglomerates, bound within the processing chamber, is expected to be variable. As a 
result, the predictability of the melt agglomeration process using post-melt specific 
energy consumption will be substantially reduced by the changes in product attributes 
from one batch to another. 
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II. HYPOTHESIS AND OBJECTIVES 
Melt agglomeration is an ideal model to elucidate the mechanism of agglomerate 
formation and growth as the interpretation of agglomeration outcome is not 
complicated by the evaporation of binding liquid, unlike aqueous wet agglomeration 
processes. The mechanisms of agglomeration are governed by the interplay between 
the capillary, viscous and frictional forces acting among the solid particles. The 
importance of physicochemical properties of binding liquid, namely viscosity, surface 
tension as well as its wetting properties with the solid particles, on the formation and 
growth of agglomerates is unequivocal. Modifications to the physicochemical 
properties of the binder can alter the balance of these interacting forces and ultimately 
affect the agglomeration outcome. Nonetheless, most of the work relating the 
properties of binding liquid with the mechanisms of formation and growth had been 
carried out using conventional wet agglomeration method by which aqueous or 
organic binding liquid served as the binding liquid. There have been a limited number 
of studies on the agglomeration process with the melt agglomeration system, probably 
because it had remained a less well understood and used process as compared to the 
conventional wet agglomeration method. For the studies that were carried out on melt 
agglomeration in high shear mixer, most involved hydrophilic meltable binders. The 
mechanisms of agglomerate formation and growth in high shear mixer using the 
hydrophobic meltable binders had not been well studied. Moreover, in reported 
studies involving melt agglomeration, besides the viscosity of binding liquid, other 
properties such as surface tension and contact angle of the binding liquid were often 
neglected. The significance and inter-relationship of these properties on the melt 
agglomeration with hydrophobic meltable binders had not been studied. Therefore, 
the main objective of this study was to investigate the relationship between the 
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agglomeration behaviour and the physicochemical properties of hydrophobic meltable 
binders with a hypothesis that the physicochemical properties of hydrophobic 
meltable binders which include surface tension, viscosity, contact angle and molten 
volume can affect the agglomeration behaviour and contribute to the fundamental 
understanding of the agglomeration mechanisms, especially when related to melt 
technology. 
 
The objective of this project was met by evaluation of the various physicochemical 
properties of the molten binding liquid. In the study, two approaches were proposed: 
(a) by modifying the physicochemical properties of a hydrophobic meltable binder 
using various additives of various meltability and (b) by using various types of 
hydrophobic meltable binders, each of different physicochemical properties. 
 
The additives used in melt agglomeration were of completely meltable, partially 
meltable or non-meltable in nature. It was proposed that the additive selected should 
possess the affinity for both the solid bulk material and molten binding liquid so as to 
serve as an agglomeration aid. Thus, the desired additive should have the quality of a 
surface active agent whereby wettability and surface tension of a binding liquid was 
modifiable to improve spreading of the molten binding liquid onto the solid particles 
and thus, promoted particle coalescence and agglomerate growth.  
 
In the second part of this study, a variety of hydrophobic meltable binders were used 
to understand further the impact of various forces acting on the particles on 
agglomerate growth. These binders were different in surface, rheological and wetting 
properties, as well as particle size and melting characteristics. The significance of 
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these properties on melt agglomeration behaviour was investigated. A normalized 
drop penetration method will be adopted as a pre-formulation tool to characterize the 
meltable binders in examination of the collective contributions of the pertinent 








Crystalline α-lactose monohydrate (Pharmatose 450M, DMV, the Netherlands) was 
used as the model solid particles for the melt agglomeration process. It has a melting 
range of 206-217°C with a melting peak point of 212.9 ± 0.11°C (DSC-50, Shimadzu, 
Japan). The physical properties of lactose powder are shown in Table 1. The lactose 
powder was used as supplied. 
 
2. Hydrophobic meltable binders 
The hydrophobic meltable binders used included hydrogenated cottonseed oil (HCO, 
Sterotex NF, Abitec, USA), hydrogenated soybean oil (HSO, Sterotex K, Abitec, 
USA), stearic acid (Merck, Singapore), cetyl alcohol (Crodacol C90, Croda, 
Singapore), stearyl alcohol (Crodacol S95, Croda, Singapore), glycerol monostearate 
(GMS, Lipo-GMS 400, Lipo-Chemical, USA) and beeswax (BP grade). These 
meltable binders were selected based on the common examples of hydrophobic 
meltable binders used in melt agglomeration which included the fatty acids, fatty 
alcohols, glycerides and waxes. The physical forms, melting characteristics, densities 
of the hydrophobic meltable binders are listed in Table 2.  
 
Hydrogenated cottonseed oil (HCO) was chosen as a model hydrophobic meltable 
binder to be incorporated with additives. Its use in melt agglomeration was not well 
reported and thus required greater level of research. It is classified as GRAS 
(Generally Recognized As Safe) food product by the FDA (Food and Drug 
Administration) of the United States. The use of hydrogenated vegetable oil in design 
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 Table 1.  
Physical properties of lactose powder 
 
Median volume particle size (µm)a 23.1 (0.9)*
Spanb 1.83 (0.1) 
Specific surface area (m2/g)c 1.053 (0.022) 
True density (g/ml)d 1.542 (0.003) 
Bulk density (g/ml)e 0.368 (0.042) 
Tapped density (g/ml)e 0.722 (0.022) 
Flowability indexf 4.40 (2.36) 
Cohesion indexf 8.60 (4.21) 
Hausner ratiog 1.98 (0.17) 
Carr index (%)h 49.13 (4.48) 
Angle of reposei 55.6 (0.8) 
 
a determined by laser diffraction (LS230 with dry powder feeder, Coulter, USA) 
b defined as the difference between the volume particle size at 90th percentile and 10th 
percentile of the cumulative size distribution relative to the median volume particle 
size 
c determined by B.E.T. method (SA3100, Coulter, USA) 
d determined by gas displacement pycnometer (Penta-Pycnometer Version 2.12, 
Quantachrome Corporation, USA) with helium purge 
e determined by a tapping apparatus (STAV 2003, Jel, Germany) using a known 
weight of powder sample into a 100 ml graduated cylinder 
f determined by avalanche method using an AeroFlow™ Analyzer (Model 3250, TSI 
Inc., USA).  
g defined as the ratio of tapped density to bulk density 
h defined as [(tapped density – bulk density)/tapped density] x 100% 
i determined using a powder tester (PT-N, Hosokawa, Japan) 






















































































































































































































































































































































































































































































































































































































































of lipophilic-based controlled-release matrix system had been discussed (Wang, 1989, 
Thies and Kleinebudde, 2001). The lipophilic nature of HCO may impart prolonged 
release property to the melt agglomerates. 
 
3. Additives 
Additives which exhibited varying degrees of surface active properties as well as 
meltability, ranging from the completely meltable to the partial meltable sucrose 
stearates and non-meltable magnesium stearate, were used. 
 
a. Sucrose stearates 
Sucrose stearates S170, S770 and S1570 (Ryoto Sugar Ester, Mitsubishi Chemical, 
Japan) were the additives of choice. Sucrose stearate was available as solid particles 
and exhibited varying degree of meltability. Sucrose stearate is a non-ionic surfactant 
containing sucrose as the polar head and fatty acid as the non-polar tail. The fatty 
acids are derived from vegetable oils which contain 70% of stearic acid. Sucrose 
stearates comprise mainly of mono-, di- and triesters of sucrose and stearic acid. They 
are supplied in a wide range of HLB values. Sucrose esters are non-toxic and they are 
commonly employed in processes such as emulsification, enhancement or inhibition 
of crystallization, preservation, lubrication, wetting and dispersion. It had also been 
reported as an additive in the formulation of controlled-release preparations 
(Ntawukulilyayo et al., 1995). Sucrose stearate S170 comprises mainly of polyesters 
of stearic acid. Sucrose stearate S170 was completely meltable and transformed into a 
molten liquid at a temperature above 60°C. Sucrose stearates S770 and S1570 contain 
a higher proportion of monoesters of stearic acid. They were not completely melted 
within the temperature range of 60-110°C, which encompassed the maximum 
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processing temperature encountered during the melt agglomeration experiments. 
Sucrose stearates S770 and S1570 only achieved partial melting and formed 
semisolids above their softening temperatures (Figure 6). Among the sucrose 
stearates, sucrose stearate S1570 was the least meltable additive. The meltability of 
sucrose stearate was related to the degree of esterification of sucrose molecule by 
stearic acid. The availability of a larger proportion of unesterified sucrose molecules 
was translated to stronger intermolecular interactions via hydrogen bonding between 
adjacent hydroxyl groups and thus, a lower level of meltability within the temperature 
range studied. The physicochemical properties of sucrose stearates are summarized in 
Table 3. 
 
b. Magnesium stearate 
Magnesium stearate was chosen as the non-meltable additive because it has a melting 
point of 110°C and is at least 20°C higher than that of the highest temperature usually 
encountered during melt agglomeration experiments using hydrophobic meltable 
binders and possesses surfactant and lubricant properties. In addition, it possesses 
surface active and lubricant properties. The physicochemical properties of magnesium 
stearate are summarized in Table 3. 
 
4. Drug 
Chlorpheniramine maleate (Merck, Singapore) was selected as a model drug of high 
water solubility. The median volume particle diameter of chlorpheniramine maleate 
was reduced to 30 ± 1.8 µm with a corresponding span of 2.47 ± 0.05 using a pin mill 










Figure 6. Physical appearance of (a) fully molten sucrose stearate S170, (b) 
partially molten sucrose stearate S770 and (c) poorly molten sucrose stearate S1570, 
at 90-100°C. 
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 Table 3.  




S170 S770 S1570 
Magnesium 
stearate 
HLBa,b 1 7 15 - 
Ester compositionb (%)     
 Monoester 0 40 70 - 
 Di, tri, polyester 100 60 30 - 
Median volume particle 
diameter (µm)c
148 33 47 19.9 
Spanc 2.35 2.82 2.53 3.17 
Melting or softening 
temperatures (°C) 
    
 Range 52-64 45-54 47-54 101-119 
 Peak 60 48 49 110 
Physical appearance at 
elevated temperatured
Liquid Semisolid Semisolid Solid 
 
a HLB denotes hydrophile-lipophile balance 
b information obtained from product brochure, Ryoto Sugar Ester, Mitsubishi 
Chemical, Japan 
c determined by laser diffraction (LS230 with dry powder feeder, Coulter, USA) 
d visual observation by heating sucrose stearates up to 110°C and heating magnesium 
stearate up to 95°C, respectively, or equivalent to about 5°C higher than the 
maximum processing temperature encountered during the melt agglomeration 





1. Preparation of melt agglomerates 
A 10L laboratory scale vertical high shear mixer (PMA-1 Processor, Aeromatic-
Fielder, UK) was used for the preparation of melt agglomerates (Figure 7). A 
seamless PTFE insert formed inner surface of the wall and base of the processing 
chamber. The mixer was water jacketed for cooling and heating. Heating was by 
means of a thermocirculator (HU 1000, Betta-Tech, UK). A thermal probe was 
mounted in the side of the chamber wall, about 35 mm above the base of the 
processing chamber for monitoring product temperature. Unless otherwise mentioned, 
a two-bladed with curved tips, bottom-driven impeller was used. Throughout the 
process of melt agglomeration, the product temperature, impeller current consumption 
and impeller speed were captured using a data acquisition system (PCI-20089W-1, 
Burr-Brown, USA). Typical profiles of the product temperature and impeller current 
consumption as a function of processing time are shown in Figure 8. The onset of 
melting was detected by an inflection point on the profile of impeller current 
consumption against processing time (Figure 8). The pre-melt processing phase was 
taken from the start of high shear mixing until the onset of melting. The high impeller 
speed produced shear friction that enabled the product temperature to rise to the 
melting point of the meltable binders. The post-melt processing phase was taken from 
the onset of melting until the end of each run. The post-melt processing condition was 
divided into two phases as it was found to be suitable for melt agglomeration of 
lactose using a hydrophobic meltable binder in the high shear mixer (Zhu, 2000) 
where the post-melt phase using high speed mixing above 800-1400 rpm was termed 
as post-melt distribution phase and the subsequent phase using a lower speed of 300-












































Figure 8. Typical profiles of product temperature (⎯) and impeller current 
















































Onset of melting 
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was set at 60°C throughout the experiments unless otherwise mentioned. Upon 
completion of each run, the agglomerates were collected, spread in thin layers on 
trays, and allowed to cool to ambient temperature. The weight of agglomerates 
harvested was determined. The amount of adhesion within the processing chamber 
was calculated as: 
100%
(g) load  totalInitial
(g) harvested load Final - (g) load  totalInitial  (%)Adhesion ×=  Equation (8) 
All batches of melt agglomerates were subjected to physical characterization. 
Duplicates were carried out for each batch of agglomerates and the results averaged. 
All experiments were carried out under an ambient temperature of 22 ± 2°C and a 
relative humidity of 50 ± 5 %. 
 
a. Melt agglomerates prepared using sucrose stearate as additive 
i. Low HCO content 
A load of lactose (1.3 kg) with HCO at 14 % w/w, expressed as the weight percentage 
of lactose or equivalent to 16 % v/w as the volume percentage of lactose (as volume 
determined at 80°C), was used for melt agglomeration. Sucrose stearate at 
concentrations of 0, 0.5, 0.75, 1, 2, 5 or 10 % w/w, expressed as the weight percentage 
of HCO, was added as needed. All materials were transferred into the processing 
chamber and pre-mixed at an impeller speed of 500 rpm for 5 min. After 5 min, the 
impeller speed was raised to 1300 rpm to generate frictional heat enabling the product 
temperature to rise to the melting point of HCO and/or sucrose stearates within 3 to 4 
min, followed by a post-melt distribution phase at a mixing speed of 1200 rpm for 7 
min set 2 min after onset of melting. Subsequently, the impeller speed was reduced to 
400 rpm and continued for three different massing times, 0, 20 or 50 min as the post-
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melt massing phase. The post-melt product temperatures were consistently higher 
than the melting point of HCO and/or sucrose stearates, ranging between 65 and 
105°C. The average maximum temperature achieved was 93.9 ± 4.5°C and average 
final temperature at the end of post-melt massing phase was 70.5 ± 3.9°C. The median 
product temperatures had an average value of 77.0 ± 6.8°C. 
 
ii. High HCO content 
Based on preliminary runs using higher concentrations of HCO, it was noticed that the 
concentration of sucrose stearates had to be kept low to avoid uncontrollable growth 
of melt agglomerates. For example, when the concentration of HCO was increased 
from 14 % w/w (equivalent to 16 % v/w) to 21.5 % w/w (equivalent to 25 % v/w, as 
that determined at 80°C) with the concentration of sucrose stearate S170 fixed at 10 % 
w/w, a massive quenched cake was resulted and the run had to be terminated 
immediately, before the predetermined run time was reached. Similar incidences 
occurred when sucrose stearate S770 or S1570 were used. The concentration of 
sucrose stearates had to be reduced to a lower range between 3 and 4 % w/w with 
respect to the weight of HCO for sucrose stearate S170 and between 0.5 and 1 % w/w 
for sucrose stearates S770 and S1570 when HCO concentration was increased to 20 to 
21.5 % w/w of the solid particles to avoid uncontrollable growth. In order to increase 
the sensitivity of the agglomeration process to changes in sucrose stearate and HCO 
concentrations, one of the possible measures was to reduce the material load. It was 
reported that an agglomeration process would become more sensitive to changes in 
variables such as impeller speed and massing time when the mixer load was low due 
to higher specific energy input (Heng et al., 2000a). Hence, the subsequent 
experiments were based on a smaller material load of 1 kg, containing both lactose 
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and chlorpheniramine maleate. Chlorpheniramine maleate was included to study the 
effects of additives on drug release from the melt agglomerates.  
 
A fixed amount of solid particles comprising 40 g of chlorpheniramine maleate and 
960 g of lactose monohydrate was added with 20 % w/w HCO, with respect to the 
weight of solid particles of lactose and drug or equivalent to 23 % v/w as the volume 
percentage of the solid particles, was used for melt agglomeration. Sucrose stearates 
at 0, 0.2, 0.4, 0.6, 0.8, 1.8 or 3.0 % w/w, calculated with respect to the weight of 
HCO, was added as additive. The effects of HCO were investigated at 20, 20.75 and 
21.5 % w/w or equivalent to 23, 24 and 25 % v/w of the solid particles and with 
sucrose stearates fixed at 0.4 % w/w of HCO. All materials were transferred into the 
processing chamber and pre-mixed at an impeller speed of 500 rpm for 5 min. After 5 
min, the impeller speed was raised to 1200 rpm to generate frictional heat and enabled 
the product temperature to reach the melting point of HCO and/or sucrose stearates 
within 4 to 5 min, followed by a post-melt distribution phase at 1200 rpm for 5 min 
and a post-melt massing phase at 400 rpm for 20 min. The post-melt product 
temperatures were consistently higher than the melting point of HCO and/or sucrose 
stearates, with an average maximum temperature of 88.0 ± 1.7°C, median temperature 
of 72.0 ± 1.0°C and final temperature of 69.8 ± 1.2°C. 
 
b. Melt agglomerates prepared using magnesium stearate as additive 
The amount of processing material was kept at 1.2 kg, with HCO varied from 22, 23.5 
to 25 % w/w, or equivalent to 25.5, 27.2 to 29.0 % v/w, with respect to the weight of 
the solid particles of lactose, chlorpheniramine maleate and magnesium stearate. The 
concentration of magnesium stearate was varied from 0, 0.1, 0.2, 0.3, 0.4 to 0.5 % 
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w/w, with respect to the total weight of the processing material. The magnesium 
stearate amount of 0.5 % w/w is equivalent to 2.50, 2.63 or 2.78 % w/w relative to the 
weight of HCO when 25, 23.5 or 22 % w/w HCO were used, respectively. An amount 
of 3.33 % w/w chlorpheniramine maleate, expressed as the total weight percentage of 
processing material, was added into each batch of melt agglomeration. The melt 
agglomeration proceeded by first mixing the materials at an impeller speed of 500 
rpm for 5 min. Subsequently, the impeller speed was increased to 1200 rpm. The 
onset of melting of HCO was achieved within 4 to 5 min. The post-melt distribution 
phase was fixed at 1200 rpm for 5 min, followed by the post-melt massing phase of 
400 rpm for 10 min. The average maximum, median and final product temperatures of 
the experiments were 87.8 ± 0.7°C, 74.4 ± 1.6°C and 70.0 ± 1.3°C respectively. 
 
c. Melt agglomerates prepared using various hydrophobic meltable binders 
A load of lactose (1 kg) and 21 % w/w of meltable binder, expressed as the weight 
percentage of lactose, as well as 24 % v/w of meltable binder, expressed as the 
volume percentage of lactose, were used for melt agglomeration. The equivalent 
amounts of the 24 % v/w meltable binders were determined based on their specific 
molten volume at 80°C. A two-bladed, bottom-driven impeller with flat tips of lower 
energy input was used. Lower energy input was needed in view of the low viscosities 
of some of the meltable binders (less than 10 mPa.s) so as to minimize agglomerate 
breakage during agglomeration. All materials were transferred into the processing 
chamber and pre-mixed at an impeller speed of 500 rpm for 5 min. After 5 min, the 
impeller speed was raised to 1200 rpm to generate frictional heat enabling the product 
temperature to reach the melting point of the meltable binders. Depending on the type 
of meltable binders, the onset of melting varied between 3 min and 9 min. At 5 min 
after onset of melting, the impeller speed was lowered to 400 rpm and was maintained 
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for 10 min. The jacket temperature was set at 60°C throughout all experiments with 
the meltable binders except for HSO where 68°C was used as the latter had a higher 
melting range than the other meltable binders. The post-melt product temperatures 
were consistently higher than the melting point of the meltable binders, reaching an 
average maximum, median and final temperatures of 74.8 ± 2.6°C, 67.0 ± 1.1°C and 
66.0 ± 0.6°C, respectively at the end of each runs for all the binders except for HSO, 
which due to the higher water jacket temperature set, had a maximum, median and 
final temperatures of 82.4 ± 1.2°C, 73.5 ± 0.1°C and 71.4 ± 1.3°C, respectively. 
 
2. Characterization of agglomerates 
a. Agglomerate size analysis 
The agglomerates from each run were randomly divided using a spinning riffler (PT, 
Retsch, Germany). A sample of about 110-170 g was sized using a series of 12 sieves 
(Endecott, UK) within the aperture size range of 90-4000 µm and vibrated by means 
of a sieve shaker (VS1000, Retsch, Germany). Size fractions above 710 µm were 
vibrated at an amplitude of 1 mm for 15 min while the rest were vibrated at the same 
amplitude for an additional 20 min. The mass median diameter and span of 
agglomerates were calculated. The mass median diameter was defined as agglomerate 
size corresponding to 50th weight percentile ( ) of the cumulative agglomerate size 






XX −=Span  Equation (9) 
where  and  are the diameters corresponding to 9090X 10X
th and 10th weight 
percentiles of the cumulative agglomerate size distribution respectively. The amount 
of oversized agglomerates and fines were expressed as the weight percentage of sieve 
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fraction larger than 2800 µm and smaller than 250 µm respectively. For runs with 
excessive growth, quenched cakes were harvested. The quenched cakes were large 
agglomerates and no suitable sieve can be used for size characterization. Therefore, a 
caliper was used to measure the dimensions of the agglomerates. The average value of 
the maximum and minimum diameters of each agglomerate was determined. At least 
a quarter or more of the quenched cake fraction was subjected to manual sizing and 
weight determination. A cumulative agglomerative size distribution was plotted by 
including the weight percentages of sieve fractions obtained by normal sieve shaking 
and those of quenched cake fractions obtained by manual sizing and the mass median 
diameters of these agglomerates were estimated.  
 
b. Agglomerate porosity analysis 
The pore size and size distribution of agglomerates within the size fractions of 250-
2000 µm were determined using a mercury intrusion porosimeter (Poresizer 9320, 
Micromeritics, USA), similar to that described by Wong et al. (2000). Intrusion 
pressures between 5 to 5000 psia were used. The operational principle of this process 
is based on Equation (10), 
θ⋅γ⋅−=⋅ cos2rp  Equation (10) 
where p is the applied pressure, r is the radius of pore into which mercury will 
intrude, γ is the surface tension of mercury and θ is the contact angle between 
mercury and pore wall. The pore sizes corresponding to the specific intrusion volumes 
were calculated by assuming a circular pore opening, mercury surface tension of 485 
dyne/cm and a contact angle between the mercury and the material of 130° and 
mercury density of 13.53 g/ml, respectively. The plot of differential specific intrusion 
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volume against pore diameter was used to characterize the pore size and size 
distribution of agglomerates. 
 
c. Agglomerate crushing strength analysis 
The crushing strength measurement of agglomerates was carried out using a tensile 
tester (EZ test-500N, Shimadzu, Japan) mounted with a 500N capacity load cell. 
Agglomerates in the size ranges of 710-1000, 1000-1400 and 1400-2000 µm were 
randomly sampled for measurement. An agglomerate was crushed diametrically 
between two platens. The crushing force was applied at a rate of 3 mm/min. The 
maximum load (N) required to crush each agglomerate was determined from the 
force-time profiles. A total of 50 measurements were carried out for each batch of 
melt agglomerates and the results averaged. 
 
d. Agglomerate shape analysis 
Shape analysis of agglomerates was performed using an image analyzer (PC Image 
Version 2.2.03, Foster Findlay Synoptics System, UK). At least 100 agglomerates 
were taken from each agglomeration batch and placed under a stereomicroscope 
(SZH, Olympus, Japan) and the images produced were captured and digitalized 
through a video camera (SSC-M370CE, Sony, Japan) to the computer system. The 
following shape descriptors were selected and were calculated as follows: 
 Sphericity = 2][
][4
Perimeter
Areaπ  Equation (11) 
 Aspect ratio = 
breadth
length  Equation (12) 
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where length is the maximum distance between two points on the perimeter and 
breadth is the maximum distance between two perimeter points linked by a line 
perpendicular to length.  










e  Equation (13) 
where re is the average of all the radii measured from each of the boundary points to 
the center of the object, P is the measured perimeter, b and l are the breadth and 
length, respectively, and f is a correction factor as described by Equation 14. 




b1231.0008.1  Equation (14) 
Sphericity values emphasized the spherical shape of agglomerates while the aspect 
ratio values illustrated the elongation of agglomerates. For perfectly spherical 
agglomerates, these two shape descriptors would bear values of unity. Shape factor eR 
was used to differentiate between more or less elliptical agglomerates which took into 
consideration shape deviation from sphericity and surface irregularities (Podczeck and 
Newton, 1994, 1995; Podczeck et al., 1999). There was no clear value distinction of 
shape factor eR for “round” agglomerates, however, two sets of apparently spherical 
pellets produced by extrusion-spheronization gave eR values of 0.568 and 0.416 
(Podczeck and Newton, 1994) and eR higher than 0.6 was taken as highly spherical 
(Podczeck and Newton, 1995). The minimum pixel size required for accurate 
characterization of a particle depended on both the optical resolution of the imaging 
system and the digitalization procedure used by the software (Almeida-Prieto et al., 
2004). Podczeck et al. (1999) suggested that an effective pixel size of not more than 
30 µm should be used for particle of about 1 mm in diameter. The pixel size used in 
the current characterization was 10 µm, suggesting suitability for particles of 0.3 mm 
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diameter or more. The agglomerates taken for characterization were from the fraction 
with the largest amount of agglomerates obtained by sieving, in the range from 0.7 – 1 
mm to 1.4 – 2.0 mm. 
 
e. Drug release from melt agglomerates 
Drug release study was performed on sample of size fraction between 710-1000 µm 
for those added with sucrose stearates and 1000-1400 µm for those added with 
magnesium stearate, respectively, using the USP Apparatus 2, with the paddle rotating 
at a speed of 50 rpm (Optimal DT-1, Optimal Control Inc., USA). The dissolution 
medium was 900 ml of USP simulated gastric fluid, without enzyme. A surfactant 
Tween 20 at 0.05 %w/v was added to provide better wetting of the samples by the 
medium. The dissolution medium was maintained at 37.0 ± 0.5°C. An aliquot sample 
of 5 ml was withdrawn at interval 15, 30, 60, 90, 120, 180, 240, 300, 360, 420 and 
480 min from each dissolution vessel, filtered and analyzed spectrophotometrically at 
264.8 nm (UV-1201, Shimadzu, Japan). The percentage of drug released was 
calculated with respect to the drug content of the melt agglomerates. The drug content 
was expressed as the amount of drug in a unit weight of melt agglomerates. It was 
determined by subjecting the same sample of melt agglomerates from the drug release 
study to heating at 80°C to destroy the matrices by melting, then, upon cooling, 5 ml 
of aliquot was withdrawn, filtered and assayed as previously described. 
 
3. Characterization of physicochemical properties of molten binding liquid 
The physicochemical properties of molten binding liquid characterized included 
surface tension, viscosity and specific volume as well as the contact angle of molten 
binding liquid over lactose powder bed.  
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a. Molten binary mixtures of HCO and additives 
The characterizations of surface tension, viscosity and contact angle of molten liquid, 
containing additive sucrose stearate or magnesium stearate, were conducted at 80°C. 
The product temperature of the melt agglomeration process was not appreciably 
affected by the type and concentration of sucrose stearate as well as the concentration 
of magnesium stearate as mentioned in sections III.B.1.a.i, III.B.1.a.ii and III.B.1.b, 
except for those containing 10 % w/w sucrose stearate S170 or S770. The chosen 
temperature was an intermediate temperature for the median and maximum product 
temperatures encountered. HCO and sucrose stearate S170, being completely 
meltable, produced a clear yellow liquid upon melting. For mixtures of HCO and 
sucrose stearate S770 or S1570, the non-molten fraction of sucrose stearate S770 or 
S1570 was excluded from the bulk of molten HCO prior to characterization of these 
mixtures. This was done to eliminate influence of undissolved particles on the 
physical measurement made. In the case of magnesium stearate, its addition into 
molten HCO brought about the formation of a turbid suspension owing to poor 
miscibility of magnesium salt with the hydrophobic molten HCO liquid. The resultant 
suspension was mixed with a magnetic stirrer and was subjected to characterization 
without prior filtration. Magnesium stearate, in the range of 0 to 3 % w/w, expressed 
as the weight percentage of molten HCO, was employed. The concentration range of 
magnesium stearate was selected based upon the concentration ratio of magnesium 
stearate to HCO in the bulk processing material admixed with lactose and 
chlorpheniramine maleate. This, in turn, was equivalent to 0 to 2.78, 0 to 2.63 and 0 to 




b. Molten liquids of various binders without additives 
Owing to the differences in the melting characteristics of the meltable binders: HCO, 
HSO, stearic acid, cetyl alcohol, stearyl alcohol, glycerol monostearate and beeswax, 
the product temperatures recorded during the agglomeration process were notably 
varied. The maximum product temperature could range between 71.5 ± 1.9°C and 
82.4 ± 1.2°C with an average value of 75.9 ± 3.7°C whereby the final product 
temperature could range from 64.9 ± 0.3°C to 71.4 ± 1.3°C with an average value of 
66.8 ± 2.1°C in melt agglomeration runs using these meltable binders. Hence, 
characterization of these molten liquids was conducted at a temperature of 70, 80 and 
90°C to encompass these product temperatures. 
 
i. Surface tension 
The surface tension of molten binding liquid was measured using the Wilhelmy plate 
method (Rosano, Roller Smith, USA). A thin vertical plate was suspended at the 
molten liquid surface from the arm of a tared balance (Figure 9). Imbalance that 
occurred on contact was due to the weight of the entrained meniscus, which was held 
up by the tension on the liquid surface, i.e. the plate was pulled into the bulk of the 
molten liquid as a result of surface tension. The weight required by the apparatus to 
withdraw the plate was determined (Hiemenz, 1986). The surface tension of the 
molten liquid was calculated based on Equation 15. 
98.0×=
w
Fγ  Equation (15) 
where  is surface tension (mN/m), F is the weight measured by the balance (mg) and 
























at the respective temperature was included in the calculation of surface tension. A 
total of six measurements were taken for each molten sample and the results averaged. 
 
ii. Viscosity 
The viscosity of molten liquid was determined using a rotation viscometer 
(Rheostress 1, ThermoHaake, Germany). The viscosity values were obtained using 
sensor system Z10 DIN at a shear rate of 600 s-1. At least triplicates were carried out 
for each batch of molten liquid and the results averaged. 
 
iii. Specific volume 
The specific volume of molten liquid was determined by weighing a known volume 
of molten liquid in a 50 ml volumetric flask. The specific volume of molten liquid 
was defined as the quotient of volume to weight of the molten liquid. The 
determination of specific volume was carried out in triplicates and the results 
averaged. A correction factor due to the thermal expansion of volumetric flask was 
included in all calculation of specific volume. 
 
iv. Contact angle 
The contact angle of molten liquid over the lactose powder bed was determined by the 
Washburn liquid penetration method, similar to the method described by Kiesvaara 
and Yliruusi (1993). 
 
The equipment has two major parts: a horizontal sample tube packed with lactose 
powder and a separating funnel which contained the molten binding liquid (Figure 



























Figure 10. Schematic diagram of Washburn equipment: Sample tube (1), sintered 
glass disc (2), silicone rubber tubing (3), separating funnel (4), thermometer (5), glass 





internal diameter. The scale of the tube had a precision up to 1 mm. Lactose powder 
was packed into the sample tube using a tapping apparatus (STAV 2003, Jel, 
Germany) to an apparent density of about 0.6 g/cm3 and the opening of the tube was 
sealed with the sintered glass disc that had a pore size of about 160-200 µm to prevent 
the leakage of powder particles. The tube was placed horizontally and connected to 
the molten liquid reservoir via a silicone tubing with an internal diameter of 8 mm. 
The position of the liquid reservoir was arranged in such a way that the meniscus of 
the liquid under study was parallel to the upper side of the column. This arrangement 
reduced the hydrostatic pressure to zero at the lower end of the glass capillary tube. 
The entrance of the separating funnel above the liquid reservoir was sealed using a 
rubber stopper penetrated by a glass capillary tube and a thermometer. The equipment 
was placed in a hot air oven and equilibrated to the predetermined temperature before 
each experiment. 
 
The length of molten liquid penetrated across the lactose powder bed was measured at 
regular intervals. At least duplicates were carried out for each batch of molten liquid 
and the results averaged. The contact angle of molten liquid on lactose powder bed 
was calculated using Equation (16) (Washburn, 1921): 
 η2
trθ cosγl L ⋅⋅⋅=2  Equation (16) 
where l is the length of liquid penetration in time t,  and  are the surface tension 
and viscosity of the penetrating liquid respectively, and r is the capillary radius. The 
contact angle between the solid and the liquid, θ, was calculated based on the slope of 
the linear plot of l
Lγ η
2 vs. t by least-square approximation method and r was calculated 




  32 ε−
ε⋅φ=r  Equation (17) 
where  is the particle shape factor which was assumed to be unity in the present 
study and d
φ
32 is the surface mean particle diameter of a sphere. The surface mean 
particle diameters of lactose and chlorpheniramine maleate were 7.89 and 10.91 µm 
respectively, determined by laser diffraction particle sizer. For powder mixture 
containing lactose and chlorpheniramine maleate, the surface mean particle diameter 
was calculated by proportional method based on the fractional weight of the two 
components.  is the porosity of the powder bed and was calculated from the 
apparent porosity ( ) and tapped porosity ( ) of the powder mixture using the 
Equation (18) (Hapgood et al., 2002):
ε
appε tapε
  Equation (18) )(1 tapapptap εεεε +−=
where  and  were determined from the apparent and tapped densities of the 
powder mixture, and pycnometric density values of lactose and chlorpheniramine 
maleate. The apparent and tapped densities were determined based on the weight and 
volume of the powder mixture filling the tube prior to and after tapping to a constant 
volume. Pycnometric density values of lactose and chlorpheniramine maleate were 
1.5394 and 1.2848 g/cm
appε tapε
3 respectively, determined using a gas displacement 
pycnometer (PYY-14, Quantachrome Instrument, USA) with helium purge. 
Duplicates of contact angle measurement were carried out for each batch of sample 
and the results averaged. 
 
v. Drop penetration time 
The drop penetration time of molten binding liquid over the surfaces of a slightly 
tapped lactose powder bed was measured using the contact angle analyzer (FTÅ200, 
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First Ten Ångstroms, USA) equipped with a CCD camera (Sanyo, USA) and recorder 
(MV-510 frame grabber, MuTech, USA). The powder bed was prepared by first 
sieving the lactose powder through a 710 µm sieve into a powder sample holder 
which consists of five cylindrical-shaped moulds with a diameter of 9.5 mm and a 
height of 6 mm each. The powder bed was then tapped to an apparent density of about 
0.6 g/cm3 by using a tapping apparatus (STAV 2003, Jel, Germany). The apparent 
density of the powder bed was defined as the quotient of weight of powder relative to 
volume of each mould. A drop of molten binding liquid, with a volume ranging 
between 6 and 8 µl depending on the temperature and binder type, was dispensed 
from a 2 ml glass syringe fitted with a 22-gauge flat tip needle. The lower tip of the 
needle was positioned above the surface of the thermally equilibrated powder bed at a 
distance which allowed full detachment of the drop from the needle with a minimal 
height of fall. The penetration time for each drop of molten binding liquid into the 
loosely packed powder surface was determined from images captured at 30 frames/s. 
The powder sample holder and syringe containing the molten liquid samples were 
heated to the desired temperatures by placing the former in an environment chamber 
with heating system and the latter with a syringe heating element, respectively, both 
of which were connected to the thermo-controller (Cole-Palmer, USA) with 
controlling sensitivity up to 0.1°C. A total of 15 replicates were conducted for each 
binder and the results averaged. The end point of drop penetration time was time 
taken for the drop to disappear from the surface of the powder bed. 
 
4. Characterization of tensile strength of resolidified molten samples 
Samples of resolidifed molten liquid were prepared by melting the binders in a 
casserole over a steam bath with constant stirring, and subsequently, the molten 
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samples were poured into a cylindrical-shaped mould with diameter of 9.5 mm and 
height of 6 mm and cooled to ambient temperature. The cooled samples of HCO-
sucrose stearate and HCO-magnesium stearate had averaged weight of 403 ± 7.7 and 
406 ± 3.6 mg, respectively. The cooled samples of the individual meltable binders of 
HCO, HSO, stearic acid, cetyl alcohol, stearyl alcohol, glycerol monostearate and 
beeswax varied markedly (ANOVA: p<0.05) due to their physicochemical differences 
and had an obvious wider range of weight between 364 ± 5.0 and 415 ± 3.8 mg. The 
cooled samples were equilibrated at ambient temperature where the tensile test was to 
be conducted for at least 24 hours before testing. The tensile strength of each cylinder 
of resolidified molten sample was determined using a cone penetration breaking 
strength test as described by Chee et al. (2004). A uniaxial penetration load was 
applied from a conical tip onto the axial surface of a cylinder of resolidified molten 
sample. The maximum load (N) required to break each sample was noted from the 
force-time profiles. A total of 10 measurements were carried out for each batch of 
samples. 
 
5. Characterization of flow properties of solid powder added with non-
meltable additive magnesium stearate 
A load of 400 g powder mixture of lactose and chlorpheniramine maleate, with or 
without the addition of magnesium stearate, were mixed in the high shear mixer at an 
impeller speed of 500 rpm for 5 min followed by 1200 rpm for the same period of 
time. The powder mixture was then collected and conditioned in a humidity-
controlled chamber at 50% relative humidity and 25°C for at least 24 hours prior to 
the analysis of powder flow properties. Magnesium stearate, in the concentration 
range of 0 to 0.64 % w/w expressed as the weight percentage of powder mixture of 
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lactose and chlorpheniramine maleate, was employed. The concentration range of 
magnesium stearate was selected based upon the concentration ratio of magnesium 
stearate to powder mixture of lactose and chlorpheniramine maleate in the bulk 
processing material admixed with HCO in the melt agglomeration experiments 
mentioned in section III.B.1.b. This, in turn, was equivalent to 0 to 0.61, 0 to 0.62 and 
0 to 0.63 % w/w magnesium stearate, expressed with respect to the weight of powder 
mixture of lactose and chlorpheniramine maleate incorporating 22, 23.5 and 25 % 
w/w HCO respectively. 
 
The flow properties of solid powder were assessed using tapping and avalanche 
methods. The latter method employed a tumbling approach in the characterization of 
powder flow and was a relatively new method to study dynamic powder flowability, 
which is a composite measurement of the powder flowability as contributed by 
various powder characteristics such as particle size, morphology, surface area, 
absolute density and distribution and therefore is considered to be closer to working 
conditions (Lavoie et al. 2002). This latter method was assumed to be closely 
resembled the dynamic nature of agglomeration process. 
 
a. Tapping 
The poured and tapped densities of a powder mixture were determined by first filling 
a known weight of powder sample into a 10 ml graduated cylinder. The initial volume 
and final volume of powder sample, subjected to small increment of 2 taps up to 20 
taps and subsequently to 1000 taps using a tapping apparatus (STAV 2003, Jel, 
Germany), were recorded. The poured and tapped densities were defined as the 
quotient of weight to initial and final volumes of the powder sample respectively. For 
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each powder mixture, five replicates were carried out and the results averaged. 
Hausner ratio and Carr’s index were calculated from the tapping experiments using 
the Equations (19) and (20) respectively as follows:  
 
density Poured
density TappedratioHausner =  Equation (19) 
 100%
density Tapped
density Poured-density  Tapped index  sCarr' ×=  Equation (20) 
Principally, Hausner ratio represents a measure of the inter-particulate friction within 
a moving mass of powder (Hausner, 1967). Carr’s index is a measurement which 
reflects the bridging tendency of a powder bed. 
 
b. Avalanche flow  
Avalanche behaviour of the powder was determined using the AeroFlow™ Analyzer 
(Model 3250, TSI Inc., USA). The analysis proceeded through the rotation of 60 ml 
powder sample, previously sieved through a 1 mm sieve, in a transparent cylindrical 
drum about its horizontal axis at drum rotational speeds of 60, 80, 100, 120, 140, 160, 
180, 200, 220 and 240 s/rotation for 600 s respectively. A light source was positioned 
vertically in front of the drum so that the bottom of the powder sample cast a shadow 
onto a photocell array located opposite to the light source. As the powder bed rotated 
clockwise, the intensity of light passing across the transparent drum would increase 
until the angle of inclination of the tilted surface of powder bed exceeded its limit 
whereby the gravity forces became greater than the cohesive forces acting on the solid 
particles causing the powder bed to collapse. The powder bed collapse was referred as 
an avalanche and was detected by a drop in the light intensity. The AeroFlow™ 
Analyzer recorded the time interval between avalanches by detecting the variation in 
intensity of a light source with the photocell array. Results from avalanching 
 82
measurements are described as “strange attractor plots” (Figure 11). A strange 
attractor plot is constructed by joining points defined by the time between a set of 
avalanches (ti, ti+1), (ti+1, ti+2), (ti+2, ti+3)….(tn, tn+1)etc., and two events are required to 
defined a single point in the two-dimensional strange attractor plot (Lee et al., 2000). 
The centroid of the plot is the mean time to avalanche. The mean time to avalanche 
was calculated as the arithmetic mean of time intervals between pairs of sequential 
avalanches. The scatter was expressed as the standard deviation of time intervals 
between pairs of sequential avalanches. The expansion of the strange attractor plot in 
X- and Y-direction reflects the time scatter of the avalanching process. The powder 
flow property was represented by flowability index and the powder cohesion index, 
both of which were proposed by Lavoie et al. (2002). The flowability and cohesion 
indices were derived using equations (21) and (22):  





1  Equation (21) 





1  Equation (22) 
where n is the total number of drum rotational speed, Si is the scatter in avalanche and 
Mj is the mean time to avalanche for each tested speed respectively. Principally, a 
cohesive powder bed with poor flow properties would require a longer mean time to 
avalanche and have the tendency to demonstrate heterogeneous avalanche pattern and 
thus a greater value of scatter. Thus, it was expected to have a higher value of 
cohesion and flowability indices than that of the free flowing counterpart. For each 
powder mixture, at least four replicated measurements were carried out and the results 
averaged. Prior to the measurement of avalanches, a porous metal screen with 
approximately 60% porosity and pore diameter of 4 mm was placed on the inner wall 
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Figure 11. A typical strange attractor plot obtained from avalanche measurement. 
Sample: Lactose. Drum speed: 120 s/rotation. 
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replaced the powder-on-drum by powder-on-powder interface, thus eliminating the 
effects of drum inner wall on the event of avalanches and related measurements 
thereafter. In addition to the numerical descriptors of flowability and cohesion 
indices, a visual observation was also included in the evaluation of powder flow from 
the avalanche measurement. It was found that a dual approach is more sensitive in the 
evaluation of avalanche flow by combining the numerical descriptors with a visual 
observation of the flow pattern of the rotating powder, which can be grouped into four 
main category: rolling (flow category 1), slumping (flow category 2), slipping (flow 
category 3) and cataracting (flow category 4) (Lee et al., 2000). The flow patterns are 
illustrated in Figure 12. The flowability of the powder deteriorates with the increase in 
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IV. RESULTS AND DISCUSSION 
Part I.  Melt agglomeration using HCO as meltable binder in combination with 
additives 
 
A. Melt agglomeration process with sucrose stearate as additive 
1. Effects of sucrose stearates on physicochemical properties of HCO 
a. Surface tension 
The surface tension of molten HCO was reduced by the addition of sucrose stearate 
S170 up to 2 % w/w (Figure 13, ANOVA: p<0.05). Further addition of sucrose 
stearate S170 resulted in a slight increase in surface tension values but these values 
remained lower than that of molten HCO alone (Figure 13, ANOVA: p<0.05). 
Sucrose stearate S170 is hydrophobic (HLB=1), completely meltable and miscible 
with the molten HCO. As a surfactant, sucrose stearate S170 can orientate at the 
interface of molten HCO giving the molten liquid a lower surface tension. With high 
concentrations of sucrose stearate S170 added, the excess sucrose stearate molecules 
immersed in the bulk phase were able to interact with their counterparts located at the 
interface of molten HCO and air causing desorption of sucrose stearate S170 from the 
interface (Simovic et al., 1999; Staples et al., 2002). Thus, a correspondingly higher 
surface tension was developed above 2 % w/w sucrose stearate S170. Nonetheless, the 
interfacial properties of molten HCO were only marginally influenced by sucrose 
stearate S170 in general. This is because both HCO and sucrose stearate S170 are 
mainly constituted by polyesters of stearic acid. They have similar chemical 
compositions and hydrophobicity. The reduction in surface tension of HCO by 








0 2 4 6 8 10














Figure 13. Profile of surface tension of molten HCO as a function of sucrose 




On the other hand, the surface tension of molten HCO was significantly reduced by 
the addition of sucrose stearates S770 and S1570 owing to the latter’s hydrophilic 
nature and preference for adsorption at the interface of molten HCO and air (Figure 
13, ANOVA: p<0.05). Generally, the surface tension of molten HCO was lower with 
an increase in concentration of sucrose stearates added. The surface tension of molten 
liquid containing HCO and sucrose stearate S770 was lower than that of HCO with 
sucrose stearate S1570, albeit sucrose stearate S770 was less hydrophilic and had a 
lower HLB value. One reason might be that sucrose stearate S1570, being the least 
meltable additive, provided a lesser amount of molten sucrose stearate molecules 
necessary for reduction of the surface tension of molten HCO. 
 
b. Viscosity 
The viscosity of molten HCO was significantly increased particularly when 10 % w/w 
sucrose stearate S170 was added (Figure 14, ANOVA: p<0.05). At high 
concentrations of sucrose stearate S170, the sucrose stearate molecules might be 
interacting with HCO molecules via the hydrogen bonding in addition to that of 
hydrophobic interaction. The summative effect was that the viscosity of molten HCO 
was raised upon the addition of sucrose stearate S170.  
 
The viscosity of molten HCO was affected differently by the sucrose stearates S770 
and S1570. Sucrose stearate S770 significantly gave rise to a higher viscosity 
particularly at 10 % w/w of HCO (Figure 14, ANOVA: p<0.05). On the other hand, 
there was insignificant increase in the viscosity of molten HCO with sucrose stearate 
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Figure 14. Profile of viscosity of molten HCO as a function of sucrose stearate 





stearate S770 affected the viscosity of molten HCO via a different mode as the latter 
was more hydrophilic and less miscible with the molten HCO. The increase in 
viscosity of molten HCO in conjunction with the use of sucrose stearate S770 was 
probably due to the formation of a dispersed mixture of molten sucrose stearate S770 
and HCO instead of forming a miscible molten solution. Sucrose stearate S1570 is 
less meltable than sucrose stearate S770. The fraction of molten sucrose stearate 
S1570 present in the HCO was smaller than that of sucrose stearate S770. The net 
effect was that no observable rise in the viscosity of molten HCO when sucrose 
stearate S1570 was added as the molten fraction of sucrose stearate S1570 was 
relatively small and had only limited effect on the rheological properties of molten 
HCO. 
 
c. Contact angle 
The contact angle of molten HCO was not significantly affected by the presence of 
sucrose stearate S170 at all concentrations studied (Figure 15, ANOVA: p>0.05). This 
was not unexpected as the surface tension of molten HCO was only marginally 
affected by the sucrose stearate S170 molecules. However, it was surprising to find 
that both sucrose stearates S770 and S1570 did not bring about marked changes to the 
contact angle of molten HCO over lactose particles (Figure 15, ANOVA: p>0.05) 






(-cos θ =  Equation (23) 
where ,  and  are the solid surface tension, liquid surface tension, and 
interfacial tension between solid and liquid respectively, and θ  is the contact angle, a 
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Figure 15. Profile of contact angle of molten HCO over lactose as a function of 
sucrose stearate concentration at 80°C. Sucrose stearate type: ({) S170, () S770 





with θ <90°. The lack of changes in the contact angle of molten HCO upon the 
addition of sucrose stearates S770 and S1570 might be ascribed to preferential 
adsorption of sucrose stearate molecules onto the surfaces of the lactose particles 
during the measurement of contact angle by the liquid penetration method (Buckton, 
1990, Prestidge and Tsatouhas, 2000). This led to changes in  and  which in turn 
negated the reduction in contact angle values. Overall, the molten HCO containing 
sucrose stearate S1570 appeared to have higher contact angle values than that of 
sucrose stearate S770. This was not impossible as sucrose stearate S1570 is more 
hydrophilic, less meltable and present in smaller amount in the molten HCO than 
sucrose stearate S770. 
Lγ SLγ
 
2. Effects of sucrose stearates on agglomeration mechanism in association 
with low HCO concentration 
Figure 16 shows the physical appearance of melt agglomerates produced with 
meltable binder HCO at 14 % w/w or equivalent to 16 % v/w with respect to the 
weight of lactose powder, in combination with sucrose stearates S170, S770 or S1570. 
The formed agglomerates appeared discrete. Figure 17 shows the effects of sucrose 
stearates on the size and size distribution of melt agglomerates produced. The size 
distribution of the melt agglomerates did not consistently conform to a log normal 
distribution. Hence, it was not appropriate to characterize the size and size distribution 
of these agglomerates based on geometric weight mean diameter and geometric 
standard deviation as previously described (Heng et al., 1999a, 1999b). Instead, the 
model-independent mass median diameter and span were used for characterization of 



























Figure 16. Physical appearance of melt agglomerates produced using HCO in 
combination with sucrose stearates (a) S170, (b) S770 and (c) S1570. Sucrose stearate 
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Figure 17. Effects of sucrose stearates on the size and size distribution of melt 
agglomerates produced using post-melt massing time of (a) 0 min, (b) 20 min and (c) 
50 min. Sucrose stearate type: ({) S170, () S770 and (U) S1570. 
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Generally, the size of the melt agglomerates became larger with an increase in the 
concentration of sucrose stearate (Figure 17). Interestingly, the growth propensity of 
agglomerates containing sucrose stearate S170 was distinctly lower than those of 
sucrose stearates S770 and S1570 at 2 % w/w or less sucrose stearates. Nonetheless, 
at sucrose stearate concentrations greater than 2 % w/w, sucrose stearate S170 
brought about a greater extent of melt agglomerate growth than those of sucrose 
stearates S770 and S1570, particularly when additional post-melt massing phases of 
20 or 50 min were introduced. The growth propensity of melt agglomerates 
containing sucrose stearate S770 or S1570 was sensitive to low concentrations of 
sucrose stearate but such sensitivity leveled off when higher concentrations of sucrose 
stearate were used. Apparently, the propensity of melt agglomerate growth containing 
high concentrations of sucrose stearate S170, S770 or S1570 was not entirely 
predictable from runs using low concentrations of sucrose stearates. 
 
a. Sucrose stearate S170 
At less than 2 % w/w, sucrose stearate S170 gave rise to a less marked agglomerate 
growth, unlike sucrose stearates S770 and S1570. The agglomerates produced using 
sucrose stearate S170 had a high percentage of fines and practically no oversized 
agglomerates (Figure 18). Nevertheless, further increase in the concentration of 
sucrose stearate S170 gave rise to a marked increase in the agglomerate size, 
formation of oversized agglomerates and reduction in the percentage of fines. 
Uncontrollable growth of melt agglomerates was encountered when 10 % w/w 
sucrose stearate S170 was used particularly in experiments carried out with an 
additional post-melt massing phase of 20 and 50 min respectively. In these 
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Figure 18. Effects of sucrose stearates on the oversized agglomerates and fine 
formation of melt agglomeration process using post-melt massing time of (a) 0 min, 
(b) 20 min and (c) 50 min. Sucrose stearate type: ({) S170, () S770 and (U) 
S1570. 
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were agglomerates with extremely large mass median diameters, about 18 and 26 mm 
in agglomeration runs with 20 and 50 min of post-melt massing times respectively. 
 
During the melt agglomeration process, sucrose stearate S170 melted completely and 
participated as an additional molten binding liquid. Previous experiments with low 
molecular weight polyethylene glycol showed that the growth of melt agglomerates 
was sensitive to the changes in binder concentration (Wong et al., 2000). An increase 
in binder concentration by 1 % w/w, or equivalent to about 0.9 % v/w with respect to 
the weight of solid particles, resulted in a marked increase in the size of agglomerates 
produced. Nonetheless, the contribution of molten sucrose stearate S170 to the melt 
agglomeration process could not be merely explained by the difference in the total 
volume of molten binding liquid present. In runs using a mixture of HCO and 10 % 
w/w sucrose stearate S170, the total molten liquid volume was higher by 1.5 % v/w 
than that of HCO used alone and this caused the formation of quenched cakes. On the 
other hand, a deliberate increase in the concentration of HCO from 14 to 20 % w/w, 
equivalent to an increase in total molten liquid volume by 7 % v/w, from 16 to 23 % 
v/w, did not bring about the formation of quenched cakes. The increased volume of 
HCO only resulted in the progressive increase of agglomerate size from 178 to 1311 
µm (Figure 19) with the formation of 4 to 10% of oversized agglomerates. This 
indicated that other characteristics of sucrose stearate S170 were involved in 
modifying the properties of the molten binding liquid and significantly affected the 
formation and growth processes of melt agglomerates. 
 
Table 4 shows the Pearson correlation coefficient values between the physical 
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Figure 19. Mass median diameters of melt agglomerates obtained using HCO 






Pearson correlation coefficient values between the size of melt agglomerates produced 
using various sucrose stearates and post-melt massing times and the physical 
properties of molten HCO with 0 to 10 % w/w sucrose stearate added. 
 
Physical properties of molten HCO containing 




time (min) ST CA VIS VOL 
0 0.0401 0.3003 0.9408a 0.9806a




0.1238 0.1222 0.8934a 0.8867a
0 -0.6351a -0.0049 0.8876a - 




-0.8641a -0.2602 0.6866a - 
0 -0.8141a 0.3690 -0.4104 - 
20 -0.8259a 0.4866 -0.5600 - 
S1570 
50 -0.8820a 0.3917 -0.5090 - 
ST: surface tension; CA: contact angle; VIS: viscosity; VOL: volume of molten 
binding liquid 
ap<0.05. Level of significance was set at 0.05. 
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and the size of melt agglomerates produced after 0, 20 and 50 min of post-melt 
massing respectively. The size of melt agglomerates produced was significantly 
correlated to the volume and viscosity of the molten binding liquid but was not 
significantly related to the surface tension and contact angle of the same liquid. 
Generally, the growth of melt agglomerates was promoted by an addition of sucrose 
stearate S170 which was translated to a larger volume of molten binding liquid of a 
higher viscosity. The growth process of melt agglomerates prepared using a low 
viscosity binder (below 50 mPa.s) was especially sensitive to small changes in the 
binder viscosity, within the range of a few mPa.s (Eliasen et al., 1999b). Typically, a 
small increase in the viscosity of a molten binding liquid strongly enhanced the 
binding strength and growth propensity of agglomerates. Figure 20 shows that the 
specific average impeller current consumption recorded during the post-melt 
distribution phase increased with an increase in the concentration of sucrose stearate 
S170 (ANOVA: p<0.05). The impeller current consumption was an indirect 
measurement of the rheological property of the powder mass (Cliff, 1990, Lin and 
Peck, 1995). A rise in specific impeller current consumption reflected an increase in 
viscosity of the processing mass. The melt agglomerates possessed a higher level of 
viscous strength when high concentrations of sucrose stearate S170 were added. They 
could survive the impact of high speed impeller rotation and thus had a better 
possibility for further agglomerate growth. 
 
During a melt agglomeration, the molten binding liquid was squeezed from the 
agglomerate core towards the periphery by consolidation action of the impeller impact 
leading to an increased surface plasticity and propensity of agglomerate growth by 







0 2 4 6 8 10


























   
.
 
Figure 20. Specific average impeller current consumption at post-melt distribution 
phase of melt agglomeration process as a function of sucrose stearate concentration. 
Sucrose stearate type: ({) S170, () S770 and (U) S1570. 
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enhanced by increasing the liquid to solid ratio of the melt agglomerates. As a result, 
an increase in the volume of molten binding liquid in association with increased 
sucrose stearate S170 concentration led to a higher propensity of melt agglomeration. 
The introduction of post-melt massing phase augmented agglomerate densification 
and molten binding liquid migration, which in turn led to a greater propensity of 
agglomerate growth. 
 
Figure 21 shows the pore size and size distribution of melt agglomerates prepared 
using various concentrations of sucrose stearate S170 and post-melt massing times. 
The mode of pore size distribution of the melt agglomerates ranged from 
approximately 1 to 10 µm. Unlike melt agglomerates containing polyethylene glycol 
3000 as the meltable binder (Wong et al., 2000), the majority of pores of the melt 
agglomerates prepared using low HCO concentration were larger than 1 µm. It was 
likely that during the melt agglomeration process, the molten binding liquid was able 
to fill many of the inter-particulate voids within each agglomerate. However, on 
completion of the melt agglomeration process, cooling of melt agglomerates resulted 
in contraction of the molten binding liquid as the latter solidified. The contraction of 
the binder resulted in a high population of fissures. The determination of specific 
molten volume of HCO showed that HCO had its specific molten volume decreased 
from 1.164 ml/g at 90°C to 1.161 ml/g at 80°C and 1.149 ml/g at 70°C, respectively. 
On cooling to ambient temperature, HCO had a specific volume of about 1.003 ml/g. 
Hence, on cooling, fissures were expected to form in melt agglomerates. High 
population of pores greater than 1 µm would be expected when the liquid to solid 
ratio was low, as in the present case using low HCO concentration at 14 % w/w. The 























































Figure 21. Effects of (a) sucrose stearate concentration and (b) post-melt massing 
time on pore size and size distribution of melt agglomerates produced using mixtures 
of HCO and sucrose stearate S170.  
(a) Sucrose stearate concentration: ({) 0 % w/w, () 0.75 % w/w, (U) 2 % w/w, (¯) 
5 % w/w and (¨) 10 % w/w; post-melt massing time: 0 min. 
(b) Post-melt massing time: ({) 0 min, () 20 min and (U) 50 min; sucrose stearate 
concentration: 2 % w/w. 
 104
sucrose stearate S170 or post-melt massing time. The densification of melt 
agglomerates had taken place as a result of an increase in volume and viscosity of 
molten binding liquid (Figure 21a) as well as prolonged consolidation action by the 
impeller rotation (Figure 21b). The formed agglomerates were expected to be stronger 
and survived the impeller impact forces. With a large volume of molten binding liquid 
of a higher viscosity, the growth of melt agglomerates eventually became 
uncontrollable with prolonged massing phase. 
 
b. Sucrose stearates S770 and S1570 
At 2 % w/w or less sucrose stearates, both sucrose stearates S770 and S1570 
promoted marked agglomerate growth (Figure 17). However, the growth potential of 
agglomerates diminished with further increase in the concentration of sucrose 
stearate. There was significantly less excessive agglomerate growth when high 
concentrations of sucrose stearates S770 and S1570 were employed in contrast to 
those of sucrose stearate S170. 
 
In the absence of post-melt massing phase, the growth of melt agglomerates was 
notably promoted by low concentrations of sucrose stearate S770 or S1570 but the 
agglomerates had considerably larger span (Figure 17a). This implied that the 
distribution of molten HCO and/or sucrose stearates might be inhomogeneous. The 
agglomerates richer in HCO and/or sucrose stearates had the tendency to grow larger, 
whereas smaller agglomerates were formed from aggregates in which the relative 
contents of HCO and/or sucrose stearates were lower. The heterogeneity of molten 
HCO and/or sucrose stearates distribution can be reduced by an introduction of a post-
melt massing phase. With the introduction of a massing phase, the oversized 
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agglomerates formed during the post-melt distribution phase were broken down into 
smaller fragments (Figure 17b and c). These fragments could grow into larger entities 
via coalescence with the other agglomerates or layering onto the pre-formed 
agglomerates. Through breakage, coalescence and layering, the molten HCO and/or 
sucrose stearates can be redistributed. A more homogeneous agglomerate growth 
process was promoted and this was evidenced by a reduction in the span of 
agglomerates with the post-melt massing phase. 
 
Unlike sucrose stearate S170, both sucrose stearates S770 and S1570 were not 
completely molten and remained as semisolids at the elevated temperatures. The non-
molten fractions of sucrose stearates S770 and S1570 were dispersible in the bulk of 
molten HCO with stirring. It had been reported that a soften semisolid could also act 
as a binder (McTaggart et al., 1984, Evrard et al., 1999). The local melting zone on 
the surface of a semisolid could promote particle aggregation and subsequently 
agglomerate growth. However, in the present study, a further increase in the 
concentration of sucrose stearates beyond 2 % w/w resulted in diminishing growth 
potential of melt agglomerates. Thus, a rise in the content of semisolid sucrose 
stearates beyond 2 % w/w did not necessarily translate to an enhanced agglomerate 
growth. It was concluded that other underlying factors might have negated the role of 
semisolid sucrose stearate S770 or S1570 to act as a binder. 
 
Sucrose stearates S770 and S1570 were not completely molten in the processing 
temperature range encountered during the melt agglomeration runs. The amount of 
molten sucrose stearate S770 or S1570 fraction was low at elevated temperatures up 
to 110°C, making the volumetric determination of these molten sucrose stearate 
 106
fractions practically difficult to be carried out. Hence, the Pearson correlations of the 
size of melt agglomerates with the physical properties of molten HCO containing 
sucrose stearate S770 or S1570 were analyzed without considering the aspect of total 
molten binding liquid volume. It was undeniable that the growth profiles of melt 
agglomerates might be affected by the presence of molten sucrose stearate S770 or 
S1570 through an increase in the volume of molten liquid, but the additional increase 
in the volume of molten liquid contributed by molten sucrose stearate S770 or S1570 
was relatively low within the sucrose stearate concentration range employed in the 
present study. It was foreseeable that the effects of sucrose stearates S770 and S1570 
on melt agglomeration would mainly be manifested through the modification of the 
physical properties of molten HCO and thus its agglomerative potential. 
 
The size of melt agglomerates produced correlated well with the surface tension of 
molten HCO containing sucrose stearate S770 or S1570 as well as the viscosity of 
molten mixture of HCO and sucrose stearate S770 (Table 4). At low concentrations of 
sucrose stearates S770 and S1570, a marked reduction in the surface tension of molten 
HCO was accompanied by a sharp rise in the size of the formed agglomerates. This 
clearly indicated that reduced inter-particulate tension promoted particle 
rearrangement and consolidation (Figure 22), with the molten binding liquid being 
squeezed from the core to the surfaces of agglomerates and enabled agglomerate 
deformation and growth by coalescence (Iveson and Litster, 1998b). With increasing 
concentration of sucrose stearate from 2 to 10 % w/w, the growth propensity of melt 
agglomerates was gradually diminished. This phenomenon could be ascribed to a 























































Figure 22.  Pore size and size distribution of melt agglomerates produced using 
mixtures of HCO and sucrose stearates (a) S770 and (b) S1570 respectively. Sucrose 
stearate concentration: ({) 0 % w/w, () 0.75 % w/w, (U) 2 % w/w, (¯) 5 % w/w 
and (¨) 10 % w/w; post-melt massing time: 0 min. 
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sucrose stearate as well as a limitation in the amount of molten HCO available for 
binding. Although the local melting zone on the surface of semisolid sucrose stearate 
S770 or S1570 could promote particle aggregation, the extent of consolidation of melt 
agglomerates was not markedly enhanced and the population of pores in melt 
agglomerates was not substantially reduced (Figure 22) without changes in the surface 
tension of the molten binding liquid and sufficient molten volume. Hence, the 
formation and growth processes of melt agglomerates became self-limiting.  
 
In melt agglomeration process employing sucrose stearate S770, a rise in the viscosity 
of molten binding liquid was not accompanied by an equivalent increase in the 
volume of molten binding liquid as in the case of sucrose stearate S170, and this 
further complicated the inclination for agglomerate growth. The viscous strength and 
growth propensity of melt agglomerates were expected to be high with an increase in 
the concentration of sucrose stearate S770, as illustrated by the profile of specific 
average impeller current consumption of the melt agglomeration process (Figure 20, 
ANOVA: p<0.05). Nonetheless, the volume of molten binding liquid migrating from 
core to surfaces of agglomerates was not markedly increased with an increase in the 
concentration of sucrose stearate S770. The ease of liquid migration under 
consolidation was negated by a gain in viscous forces acting among the solid 
particles. Thus, the melt agglomerates were not sufficiently deformed for growth by 
coalescence. The summative effect was an increase in the span of melt agglomerates 
with prolonged post-melt massing phase owing to inefficient redistribution of molten 
binding liquid (Figure 17c). In the case of sucrose stearate S1570, the magnitude of 
the specific average impeller current consumption was relatively low and independent 
of the concentration of sucrose stearate (Figure 20, ANOVA: p>0.05). The formation 
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and growth processes of melt agglomerates prepared using sucrose stearate S1570 
were mainly governed by the surface tension values of the molten binding liquid.  
 
Experimentally, the melt agglomerates prepared using sucrose stearates S770 and 
S1570 had similar growth profiles, despite vast differences in the physical properties 
of molten HCO modified by sucrose stearates. The outcome of a melt agglomeration 
was more likely a complex interplay between the physical properties of molten 
mixture of HCO and sucrose stearate. The surface tension, viscosity and contact angle 
of molten binding liquid were characterized without the consideration of the 
intriguing effects of the semisolids of sucrose stearates S770 and S1570. It was 
envisaged that the semisolids of sucrose stearates S770 and S1570 could contribute to 
the melt agglomerate growth. Nevertheless, such contribution was considered 
minimal when there was limited binding liquid available. It was found that a variation 
in the semisolid binder content when used alone between 18.75 to 50 % w/w brought 
about a less drastic change in agglomeration (McTaggart et al., 1984) than that of 
employing completely meltable binder such as polyethylene glycol (Wong et al., 
2000). This was because the agglomerates processed using semisolid binder was 
characterized by a relatively low liquid saturation and a limited binding liquid flow 
through the interparticulate spaces to the agglomerate surfaces which was needed to 
promote sufficient surface deformability for agglomerate growth by coalescence 
(Iveson et al., 1996). The agglomerates were more rigid when semisolid or paste-like 
binder was used (Rough et al., 2005) thereby allowing the use of a binder content 
beyond the level employed for low viscosity binders (Keningley et al., 1997).  
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3. Effects of sucrose stearates on agglomeration mechanism in association 
with high HCO concentration 
In the previous part of the study, it was found that the addition of sucrose stearate 
S170 altered the surface tension and viscosity as well as the molten volume of the 
molten binding liquid. This had affected the agglomeration mechanism through 
interplay between the capillary, viscous and frictional forces governing the growth of 
melt agglomerates. Nonetheless, the study used a fixed concentration of HCO and the 
impact of these additives under the influence of a higher HCO concentration was not 
evaluated. Molten HCO could serve as a liquid lubricant that would potentially reduce 
the frictional forces acting between solid particles. With reduced frictional forces 
acting between solid particles, the roles of capillary and viscous forces in 
agglomeration mechanism would be affected. Therefore, a further study of the effects 
of sucrose stearates on the agglomeration mechanism in the presence of higher molten 
binding liquid was useful to help provide a better understanding of the roles of 
capillary, viscous and frictional forces in the agglomeration process.  
 
a. Preliminary studies using high HCO concentrations 
When the concentration of HCO was increased from 14 % w/w to 22 % w/w, the melt 
agglomerates increased in size from 178 µm to 1347 µm and were generally more 
spherical with an averaged sphericity value of 0.84 ± 0.04 for those produced using 14 
% w/w HCO and 0.93 ± 0.01 for those prepared using 20 to 22 % w/w HCO. The 
increased surface wetness and plasticity of the latter melt agglomerates assisted in 
their rounding process under the continuous impeller movement. Nonetheless, an 
increase in HCO concentration alone, in the absence of sucrose stearates, did not 
appear to affect the crushing strength of the melt agglomerates to a substantial extent 
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(Figure 23). The observation indicated that neither the state of consolidation nor the 
binding strength of the melt agglomerates could be promoted effectively by merely 
the addition of more HCO, without modification in its physicochemical properties. 
 
Based on preliminary runs using a higher concentration of HCO, it was generally 
noticed that the concentration of sucrose stearates had to be reduced to a much lower 
range to avoid uncontrollable growth of melt agglomerates. For instance, keeping the 
concentration of sucrose stearate S170 at 10 % w/w, an increase in concentration of 
HCO from 14 % w/w to 21.5 % w/w resulted in the formation of a massive quenched 
cake and the melt agglomeration run had to be stopped immediately before the 
predetermined mixing time was reached. Similar observations were obtained when 
sucrose stearate S170 was replaced with sucrose stearate S770 or S1570. It was found 
that the concentration of sucrose stearates had to be reduced to a lower range between 
3 and 4 % w/w with respect to the weight of HCO for sucrose stearate S170 and 
between 0.5 and 1 % w/w for sucrose stearates S770 and S1570 when HCO 
concentration was increased to a higher range between 20 and 21.5 % w/w of the solid 
particles, beyond which uncontrollable melt agglomerate growth would occur. This 
suggested that the sensitivity of melt agglomeration process to sucrose stearate 
concentration had increased with increased HCO concentration.  
 
In addition, the preliminary studies showed that the porosity of melt agglomerates 
prepared using 20 to 21.5 % w/w HCO had a lower averaged value of 12.0 ± 1.3 % as 
compared to 18.2 ± 1.9 % for batches with 14 % w/w HCO. With a greater volume of 
molten HCO, the tendency of fissure formation upon cooling of melt agglomerates 
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Figure 23. Crushing strength of melt agglomerates of size fractions ({) 710-1000, 
() 1000-1400 and (U) 1400-2000 µm, produced using 16-22 % w/w HCO, without 





b. Effects of HCO concentration between 20-21.5 % w/w 
When the concentration of molten HCO was increased from 20 to 21.5 % w/w, 
agglomerate growth by coalescence and layering as indicated by the progressive 
increase in agglomerate size and reduction of fines was resulted (Figures 24a and 
25a). With the progressive reduction in fines due to increased HCO concentration, 
coupled with a relatively low tendency to form excessively large agglomerates 
(Figure 25b), the size distribution of the melt agglomerates were narrowed (Figure 
24b). 
 
The low tendency to form excessively large agglomerates can be ascribed to the 
mechanical strength of the melt agglomerates. Although increasing concentration of 
HCO, without the addition of sucrose stearates and those added with sucrose stearate 
at 0.4 % w/w, promoted agglomerate growth in general, it did not markedly alter the 
mechanical strength of melt agglomerates as indicated by the relatively constant 
readings of the crushing strength of the melt agglomerates of various size fractions 
(Figure 26, ANOVA: p>0.05). The crushing strength of agglomerates was indirectly 
related to the consolidation profile of the melt agglomerates (Heng et al., 1999a). 
Figure 27 shows the pore size and size distribution of melt agglomerates containing 
20 to 21.5 % w/w of HCO, without the addition of sucrose stearate and those added 
with sucrose stearate at 0.4 % w/w. The pore and pore size distribution of the melt 
agglomerates remained similar despite increasing the HCO concentration, consistent 
with the crushing strength results. It was highly likely that increasing the HCO 
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Figure 24. The (a) size and (b) size distribution of melt agglomerates obtained 
using various concentration of HCO, (¯) without the addition of sucrose stearate and 
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Figure 25. The (a) fines and (b) oversized agglomerates percentages of melt 
agglomerates obtained using various concentration of HCO, (¯) without the addition 
of sucrose stearate and those with added sucrose stearates ({) S170, () S770 and 



































Without addition of sucrose stearate 
With addition of 0.4 % w/w sucrose stearate S170 
With addition of 0.4 % w/w sucrose stearate S770 
With addition of 0.4 % w/w sucrose stearate S1570 
 
 
Figure 26. Crushing strength of melt agglomerates of size fractions (a) 710-1000, 
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Figure 27. Pore size distribution of melt agglomerates prepared using (a) HCO 
alone, (b) with addition of sucrose stearate S170, (c) S770 and (d) S1570. Sucrose 
stearate concentration: 0.4 % w/w. HCO concentration: ({) 20, () 20.75 and (U) 





agglomerates to a great extent. In addition, with the increase in HCO concentration, 
the rheological property of the processing mass was not significantly altered as proven 
by the relatively constant specific current consumption of the impeller for those added 
with sucrose stearate (Figure 28, ANOVA: p>0.05), except that of without the 
addition of sucrose stearate whereby the specific current consumption increased 
markedly. The latter observation can be explained by an exceptionally high material 
adhesion for melt agglomeration experiments, from 4 % to 13 %, with an increase in 
HCO concentration without the sucrose stearate added (Figure 29, ANOVA: p<0.05). 
This reduced the active mixer load significantly and complicated the profile of 
specific current consumption with respect to its measure as rheological property of 
processing mass. The influence of mixer load on specific current consumption was 
expected to minimal when the variation in material adhesion was within 5 %, as in the 
cases with sucrose stearate added. The agglomerate growth with increasing HCO, 
without the addition of sucrose stearate or with a fixed concentration of sucrose 
stearate added, was not likely to be led by an increased consolidation and mechanical 
strength of melt agglomerates but was mainly promoted by an increase in molten 
volume of binding liquid that wetted the surfaces of the agglomerates for coalescence 
and/or layering to take place. Consolidation of the melt agglomerates was not 
achievable through the addition of HCO alone. The addition of sucrose stearate S770 
or S1570 gave markedly stronger melt agglomerates than those added with sucrose 
stearate S170 as well as those without sucrose stearate at the corresponding HCO 
concentration (Figure 26). Apparently, sucrose stearate S770 or S1570 had modified 
the melt agglomeration mechanism resulting in stronger melt agglomerates. The 































Without addition of sucrose stearate 
With addition of 0.4 % w/w sucrose stearate S170 
With addition of 0.4 % w/w sucrose stearate S770 




Figure 28. Specific average impeller current consumption in melt agglomeration 




















Without addition of sucrose stearate 
With addition of 0.4 % w/w sucrose stearate S170 
With addition of 0.4 % w/w sucrose stearate S770 
With addition of 0.4 % w/w sucrose stearate S1570 
 
 
Figure 29. Wet mass adhesion to the processing chamber in melt agglomeration 
processes using 20-21.5 % w/w HCO. 
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c. Sucrose stearate S170 
Generally, the size of the melt agglomerates became larger with an increase in the 
concentration of sucrose stearates (Figure 30a). The agglomerate growth propensity of 
powder mass containing sucrose stearate S170 was distinctly lower than those of 
sucrose stearates S770 and S1570. In contrast to the experiments using low HCO 
concentration, self-limiting agglomerate growth propensity of sucrose stearate S770 
or S1570 was not observed for formulations with high HCO concentrations.  
 
The agglomerate size increased with the concentration of sucrose stearate S170 
(Figure 30a), which was accompanied by a reduction in fines and greater proportions 
of large agglomerates (Figure 31). With sucrose stearate S170 up to 3 % w/w of HCO, 
or equivalent to 0.65 % v/w of additional molten volume, as calculated based on 
specific molten volume of sucrose stearate S170 at 80°C, an increase in agglomerate 
size from 765 to 1474 µm was obtained. The growth propensity of melt agglomerates 
added with sucrose stearate S170 was much greater than those of HCO alone. Without 
the addition of sucrose stearate, an increase in HCO concentration from 20 to 20.75 % 
w/w or equivalent to an increase in molten volume of 1 % v/w, brought about 
agglomerate growth from mass median size of 765 to 925 µm, about 1.6 times smaller 
than that of prepared with 20 % w/w HCO added with 3 % w/w sucrose stearate S170. 
Obviously, the addition of sucrose stearate S170 had induced changes in the 
physicochemical properties of molten HCO which brought about enhanced 
agglomerate growth. Nonetheless, it was apparent that the growth propensity of melt 
agglomerates prepared using sucrose stearate S170 was not as markedly high as those 
of prepared using sucrose stearate S770 or S1570 as additive (Figure 30a), with a 
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Figure 30. Effects of sucrose stearates on the (a) size and (b) size distribution of 
melt agglomerates produced using 20 % w/w HCO. Sucrose stearate type: ({) S170, 
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Figure 31. Effects of sucrose stearates on the (a) fines and (b) oversized 
agglomerates percentages of melt agglomerates produced using 20 % w/w HCO. 
Sucrose stearate type: ({) S170, () S770 and (U) S1570. 
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fines (Figure 31). This is in agreement with the study using the lower concentration of 
molten HCO at 14 % w/w, whereby the extent of agglomerate growth was promoted 
by sucrose stearate S170 to a lower degree as compared to sucrose stearates S770 and 
S1570. Similar to melt agglomerates prepared with only HCO from 20 to 21.5 % w/w, 
the addition of sucrose stearate S170 at 0.4 % w/w did not alter the crushing strength 
of melt agglomerates (Figure 26). This finding indicated that sucrose stearate S170 at 
0.4 % w/w was insufficient to promote wetting and consolidation of the agglomerates 
that would ultimately affect their crushing strength. The melt agglomerates 
demonstrated a marked increase in crushing strength only with the addition of 2 to 3 
% w/w sucrose stearate S170 (Figure 32).  
 
It was found that there was no clear trend in pore distributions of the melt 
agglomerates when the concentration of sucrose stearate S170 was varied, except at 3 
% w/w sucrose stearate S170 where there was a distinct disappearance of pores 
between 1 and 10 µm (Figure 33). Despite the difficulties to characterize the 
agglomerates based on pore size variations due to the low porosity of melt 
agglomerates containing high concentration of HCO, the distinct absence of pores in 
the size range between 1 and 10 µm and appearance of submicron pores smaller than 
0.1 µm for melt agglomerates containing 3 % w/w sucrose stearate S170 suggested 
that fewer fissures were formed upon cooling of the molten binding liquid in these 
melt agglomerates that resulted in the disappearance of pores greater than 1 µm. The 
concurrent appearance of submicron pores indicated that there was consolidation 
taken place in the melt agglomerates when the concentration of sucrose stearate was 
high, of which allowed less intra-agglomerate voids available within which particles 
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Figure 32. Crushing strength of melt agglomerates of size fractions (a) 710-1000, 
(b) 1000-1400 and (c) 1400-2000 µm as a function of sucrose stearate concentration. 

































Figure 33. Pore size distribution of melt agglomerates containing sucrose stearates 
S170. Sucrose stearate concentration: ({) 0%, () 0.2%, (U) 0.4%, (¯) 0.6%, (¨) 
0.8%, () 1.8% and (¼) 3.0% w/w. 
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al., 2000). The submicron pores were not likely the cavities formed following the 
release of water of crystallization of lactose from the agglomerated structure. This 
was indicated by the absence of water vapor condensed on the viewing glass of the 
processing chamber. Although the average maximum product temperature 
encountered in the present experiment was 88 ± 1.7°C which could have caused some 
liberation of water of crystallization from lactose, the hydrophobic nature of the 
meltable binder could have prevented the escape of water of crystallization of lactose, 
unlike those of polyethylene glycols (Schæfer et al., 1996a, Wong et al., 2000).  
 
Based on the results of tensile strength test of the resolidified molten liquid of HCO 
without and with sucrose stearate S170 which suggested that the tensile strength of 
resolidified molten liquid of HCO was not affect by the inclusion of sucrose stearate 
S170 (Figure 34, ANOVA: p>0.05). This finding indicated that the increased crushing 
strength of melt agglomerates was unlikely to be contributed by the tensile strength of 
resolidified molten binding liquid. Thus, the increased crushing strength of melt 
agglomerates was more likely to be caused by better consolidation with the addition 
of the additive and can be explained by the modifications in the physicochemical 
properties of the molten binding liquid brought about by the addition of sucrose 
stearate S170. 
 
As sucrose stearate S170 was a completely meltable additive, the additional molten 
volume provided by sucrose stearate S170 undeniably had an impact on the 
agglomerate growth propensity of the melt agglomerates (Pearson correlation, 
rS170=0.967, p<0.05), similar to the results obtained using a lower concentration of 
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shown that the addition of sucrose stearate could modify the surface tension and 
viscosity of molten HCO, but not the contact angle of molten HCO over lactose 
powder as it remained relatively unchanged. The contact angle of molten HCO over 
the powder bed of lactose admixed with chlorpheniramine maleate (73.2 ± 0.9°C) also 
remained similar to that of lactose alone (72.1 ± 2.7°C). It may be that the proportion 
of chlorpheniramine maleate was small and as both substances are highly water-
soluble, the contact angle of molten HCO remained unchanged when 
chlorpheniramine maleate was included in the bulk powder. It was envisaged that the 
addition of sucrose stearates would not alter the contact angle of molten HCO over the 
powder bed of lactose regardless the presence of chlorpheniramine maleate. Hence, 
further characterization of the contact angle of molten HCO with the addition of 
sucrose stearates over the powder mixture of lactose and chlorpheniramine maleate 
was excluded. The effects of surface tension and viscosity of the molten HCO in 
combination with sucrose stearate at high HCO concentration on agglomerate growth 
propensity of melt agglomerates was further investigated using Pearson correlations. 
 
The effects of sucrose stearates on surface tension and viscosity of molten HCO are 
shown in Figures 13 and 14. The surface tension of molten HCO was marginally 
reduced by sucrose stearate S170. In contrast, the viscosity of molten HCO was 
significantly increased by the addition of sucrose stearate S170. The Pearson 
correlation values indicated that the growth of melt agglomerates using high HCO 
concentration was promoted by the reduction in surface tension of molten HCO (rS170 
= -0.649; p<0.05) and an increase in viscosity of molten HCO with sucrose stearate 
S170 added (rS170 = 0.909, p<0.05). In contrast to the findings of those conducted 
using low concentration of HCO where the surface tension of molten HCO was not 
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related to the agglomerate growth, the marginal role of surface tension in promoting 
agglomerate growth when high concentration of HCO was used could be explained by 
the presence of greater availability of molten HCO. At a low HCO concentration, the 
outcome of melt agglomeration was less affected by a slight reduction of surface 
tension induced by sucrose stearate S170. At a high HCO concentration, a slight 
reduction in surface tension of molten HCO brought about by the addition of sucrose 
stearate S170 would be translated to easier inter-particulate rearrangement which in 
turn magnified the wetting propensity of molten HCO over the surfaces of the 
agglomerates for coalescence to take place. In comparison to surface tension, the 
viscosity of molten HCO still played a more dominant role over the growth propensity 
of melt agglomerates. The increase in viscosity of molten HCO resisted the intra-
agglomerate dilation and gave rise to strongly bound agglomerates, ensuing a higher 
mechanical strength of the melt agglomerates for further growth. It was noted that the 
specific current consumption of melt agglomeration runs with increasing sucrose 
stearate S170 concentration did not increase although the viscosity of molten binding 
liquid was increased by the addition of sucrose stearate S170 (Figure 35, ANOVA: 
p>0.05). In the present case, the material adhesion was consistently below 5.5 % and 
not significantly altered by the addition of sucrose stearate S170 (Figure 36, ANOVA: 
p>0.05). With more molten HCO available, the lubrication effect provided by molten 
liquid was greater and reduced the inter-particulate frictional forces, unlike melt 
agglomeration runs using low HCO concentration. This would reduce the overall 
resistance of the processing mass and thus undermining the sensitivity of specific 
current consumption measurement in discriminating changes in the plasticity of the 
processing mass. It shows that specific current consumption measurement had 
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Figure 35. Specific average impeller current consumption in melt agglomeration 
processes as a function of sucrose stearate concentration. Sucrose stearate type: ({) 
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Figure 36. Wet mass adhesion to the processing chamber in melt agglomeration 
processes as a function of sucrose stearate concentration. Sucrose stearate type: ({) 




high interparticulate friction to give rise to higher current or power consumption value 
(Hunter and Ganderton, 1973; Holm et al., 1985b), or there is no vast changes in the 
mixer load as previously discussed.  
 
With the addition of sucrose stearate S170 in increasing concentrations, the increased 
viscosity of molten binding liquid increased the mechanical strength of the melt 
agglomerates. The melt agglomerates became more rigid and this restricted the 
surface rounding to form spherical agglomerates as indicated by the decreased 
sphericity and shape factor values as well as increased aspect ratio values when higher 
concentrations of sucrose stearate S170 were used (Figure 37, ANOVA: p<0.05). 
Lower surface tension and higher viscosity in addition to the additional molten 
volume by sucrose stearate S170 brought about a greater agglomerate growth than 
that of HCO alone. The increase in HCO molten volume alone from 20 to 21.5 % w/w 
did not bring about agglomerate growth to a great extent but assisted in slight 
improvement in the rounding process of the melt agglomerates as indicated by the 
slight decrease in aspect ratio and increase in shape factor values for those with and 
without addition of sucrose stearates (Figures 38a and 38c, ANOVA: p<0.05), as well 
as increase in sphericity for those with added sucrose stearate S770 or S1570 (Figure 
38b, ANOVA: p<0.05).  
 
d. Sucrose stearates S770 and S1570 
The melt agglomerate size increased with the concentration of sucrose stearate S770 
or S1570 with an agglomerate growth propensity greater than those of sucrose stearate 
S170 (Figure 30). The greater growth in agglomerate size by the addition of sucrose 
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Figure 37. Shape descriptors of melt agglomerates as a function of sucrose 
stearate concentration: (a) aspect ratio, (b) sphericity and (c) shape factor, eR. HCO 

























































Figure 38. Shape descriptors of melt agglomerates as a function of HCO 
concentration: (a) aspect ratio, (b) sphericity and (c) shape factor, eR. Sucrose stearate 
type: (¯) without addition of sucrose stearate, ({) S170, () S770 and (U) S1570. 
Sucrose stearate concentration: 0.4 % w/w. 
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of fines and an obvious increase in the amount of oversized agglomerates as 
compared to those of sucrose stearate S170 (Figure 31). This is in agreement with the 
work using lower HCO concentration at 14 % w/w, whereby formulations containing 
low concentrations of sucrose stearate S770 or S1570 resulted in greater agglomerate 
growth than those of sucrose stearate S170. Nonetheless, the addition of sucrose 
stearate S770 or S1570 at concentration of 0.6 % w/w and beyond caused the 
agglomeration process to become less controllable and had poorer process 
reproducibility as indicated with the greater standard deviation values obtained for 
those runs. At high concentrations of sucrose stearate S770 or S1570, high 
percentages of oversized agglomerates (Figure 31b) were obtained and the 
corresponding size distributions of melt agglomerates were widened (Figure 30b). 
When attempts were made to increase the concentrations of sucrose stearate S770 or 
S1570 further to 0.8 % w/w, excessive oversized agglomerates were obtained and the 
characterization of agglomerates size became practically not possible and was not 
further pursued. When low HCO concentration was used, the growth of melt 
agglomerates associated with sucrose stearate S770 or S1570 at concentrations up to 
10 % w/w of HCO was self-limiting as the reduction in surface tension induced by 
these sucrose stearates gradually diminished at concentrations greater than 2 % w/w 
of HCO. However, when a high concentration of HCO was present, a self-limiting 
growth of melt agglomerates was absent with the addition of these sucrose stearates. 
This shows that sucrose stearates S770 and S1570, under the influence of greater 
availability of molten HCO at 20 % w/w, had given rise to a higher risk of overgrowth 
and poor reproducibility of the melt agglomeration process as compared to that of 
sucrose stearate S170, despite being added at a low concentration of less than 0.6 % 
w/w. With the greater availability of molten HCO, the critical concentrations of 
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sucrose stearates to induce uncontrollable agglomerate growth were notably lowered. 
Furthermore, the addition of sucrose stearate S770 or S1570 gave rise to stronger melt 
agglomerates in a concentration-dependent manner (Figure 32) and were generally 
had higher crushing strengths than those of HCO alone and those with added sucrose 
stearate S170 (Figure 26, ANOVA: p<0.05). 
 
When the pore size distributions of these melt agglomerates containing sucrose 
stearate S770 or S1570 as an additive were examined and compared to those without 
sucrose stearates added, there was a slight volume reduction of pores sized between 
0.1 to 1 µm (Figure 27), as well as occurrence of submicron pores when 0.6 % w/w 
sucrose stearate S770 or S1570 was used (Figure 39). The submicron pores of the 
melt agglomerates were highly likely to be resulted from limited intra-agglomerate 
voids available for particles to rearrange upon consolidation of the melt agglomerates. 
This shows that the addition of these sucrose stearates at high HCO concentrations 
promoted consolidation of melt agglomerates as compared to that of HCO alone, 
despite being less obvious at low HCO concentration. This could be due to fewer 
fissures were formed in the melt agglomerates upon cooling with the relative high 
HCO molten volume available and lower pore volumes were detected for these melt 
agglomerates. Similar to that of sucrose stearate S170, the tensile strength of 
resolidified molten liquid of HCO was not affected by the addition of sucrose stearate 
S770 or S1570 Figure 40, ANOVA: p>0.05), indicating that the increased crushing 
strength of melt agglomerates was unlikely to be attributed to the tensile strength of 
resolidified molten liquid of HCO after cooling per se but was ascribed to other 


























































Figure 39. Pore size distribution of melt agglomerates containing sucrose stearates 
(a) S770 and (b) S1570. Sucrose stearate concentration: ({) 0, () 0.2, (U) 0.4, (¯) 
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Figure 40. Tensile strength of resolidified molten mixtures of sucrose stearates (a) 
S770 and S1570. 
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The surface tension of molten HCO was reduced by sucrose stearates in a decreasing 
order from sucrose stearate S770 to sucrose stearates S1570 and S170 (Figure 13). 
However, the viscosity of molten HCO was not affected by sucrose stearates S770 
and S1570 (Figure 14, ANOVA: p>0.05) when used in low concentrations between 0 
and 3 % w/w. This was because the partially meltable sucrose stearates were not 
present in an appreciable amount in molten HCO to give rise to higher viscosity of the 
latter. The Pearson correlation values indicated that the growth of melt agglomerates 
added with sucrose stearates S770 and S1570 was not related to viscosity of the 
molten binding liquid (r770 = 0.620, p>0.05, r1570 = -0.277, p>0.05), respectively. This 
is not surprising, as the addition of sucrose stearates S770 or S1570 could hardly 
show any significant changes to the viscosity of the molten HCO when low sucrose 
stearate concentrations below 3 % w/w were used. On the other hand, it was found 
that the growth propensity of melt agglomerates associated with sucrose stearate 
S1570 was correlated to the surface tension of molten HCO (r1570 = -0.812, p<0.05), 
consistent with the finding using low HCO concentration. The reduction in surface 
tension by sucrose stearate S1570 reduced the capillary forces on the particle 
assembly and permitted greater mobility to the molten binding liquid to be transferred 
from the core of the agglomerate to the exterior. This in turn consolidated the particle 
assembly and enhanced surface wetness, making it conducive for agglomerate growth 
through coalescence and/or layering. In the case of melt agglomerates containing 
sucrose stearate S770, the reduction in surface tension of molten HCO by sucrose 
stearate S770 did not correlate with agglomerate growth (Pearson correlation, r770 = -
0.639, p>0.05) when high HCO concentration was used. The relationship between the 
surface tension reduction and agglomerate growth were probably masked by other 
overriding influences affecting the agglomerate growth. Sucrose stearate S770 could 
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lower the surface tension of molten HCO to a greater extent than that of sucrose 
stearate S170 or S1570. The low surface tension allowed greater intra-agglomerate 
movement of molten binding liquid from core to surface of agglomerates. However, 
with high HCO concentration, the solid particles could slide easily due to increased 
liquid lubrication. The agglomerates could only grow bigger when there were other 
adhesive forces in place to hold on to these agglomerates together to allow 
coalescence to proceed progressively.  
 
Sucrose stearate S770 and S1570 were partially meltable. The semisolids could serve 
as binder via local melting and adhesion on the surface of the semisolid binder where 
excessive wetting was not anticipated. When a low concentration of HCO was used, 
the contribution of the semisolids of sucrose stearates S770 and S1570 as binder was 
considered to have low bearing on the agglomerate growth mechanism, as limited by 
the low liquid saturation and binding liquid flow to promote surface deformability 
needed for agglomerate growth by coalescence, despite being added up to a much 
higher concentration of 10 % w/w. Nonetheless, with the formulations containing a 
high concentration of HCO, the semisolids of sucrose stearates present could have a 
bigger role in the melt agglomerate growth process. This is because the binding effect 
of semisolids was not limited by the low binding liquid saturation. The viscous 
strength provided by the local partial melting and adhesion of sucrose stearates S770 
and S1570 semisolids would hold the agglomerates together to avoid excessive 
particle sliding while molten binding liquid could be transferred from core to 
agglomerate surface. In addition to the reduced surface tension by the incorporation of 
these sucrose stearates, the transfer of molten binding liquid would become easier. 
This increased the surface plasticity and deformability for coalescence to take place 
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and promoted agglomerate growth. Nonetheless, the viscous strength of semisolids of 
sucrose stearate contributed to increased crushing strength of the melt agglomerates 
(Figures 26 and 32) and would render the agglomerates more rigid (Rough et al., 
2005). This resulted in less spherical melt agglomerates as shown by lower sphericity 
and shape factor as well as higher aspect ratio values (Figure 38) as compared to those 
with sucrose stearate S170 or without any sucrose stearate added. Similar 
observations were also noted for increased sucrose stearate concentration (Figure 37).  
 
4. Melt agglomeration mechanism with addition of sucrose stearates and 
drug release characteristics 
The release of chlorpheniramine maleate from the melt agglomerates was generally 
rapid. This is because the bulk material, lactose, could easily dissolve in the release 
medium to create channels for drug release. Typically, more than 80% of 
chlorpheniramine maleate was released by an hour (Figure 41). The kinetics of drug 
release were best described by the Higuchi’s dissolution model, with R2 values ranged 
between 0.911 and 0.983 (Table 5a and b). The fit with other models such as zero 
order, first order and Hixson-Crowell only gave rise to R2 values smaller than that of 
the Higuchi’s model, indicating that the drug molecules were most likely to be 
released through diffusion across the pores of the matrix. There was no significant 
difference in drug release rate of melt agglomerates containing 20, 20.75 and 21.5 % 
w/w HCO (Table 5a, ANOVA: p>0.05), in the absence of sucrose stearates. Similarly, 
the rate and extent of drug release were found to be unaffected by the concentration of 
molten HCO with the addition of sucrose stearates S170, S770 or S1570 at 0.4 % w/w 
(ANOVA: p>0.05). There was no effective consolidation promoted through varying 



































Figure 41. Typical drug release profiles of melt agglomerates prepared using 
HCO and sucrose stearate as additive. Sucrose stearate type: (¯) without addition of 
sucrose stearate, ({) S170, () S770 and (U) S1570. HCO concentration: 21.5 % 






Drug release kinetics and drug content of melt agglomerates prepared using (a) 20-
21.5 % w/w HCO and 0.4 % w/w sucrose stearates, with controls being the melt 
agglomerates prepared without the addition of sucrose stearates, and (b) 20 % w/w 





20 % w/w 20.75 % w/w 21.5 % w/w 
Sucrose 
stearate type 
 K r2 Drug 
content 
(%) 
K r2 Drug 
content 
(%) 
K r2 Drug 
content 
(%) 
S170 4.488 0.945 84.6 4.858 0.964 88.4 4.782 0.978 94.4 
S770 5.403 0.920 95.5 5.686 0.942 99.6 5.582 0.920 104.0 
S1570 5.749 0.911 98.4 5.742 0.952 102.8 5.679 0.945 101.1 





Sucrose stearate type 





K r2 Drug 
content 
(%) 
K r2 Drug 
content 
(%) 
K r2 Drug 
content 
(%) 
0 4.267 0.983 82.1 4.267 0.983 82.1 4.267 0.983 82.1 
0.2 4.323 0.971 81.0 4.384 0.968 85.4 4.692 0.970 85.3 
0.4 4.488 0.945 84.6 5.403 0.920 95.5 5.749 0.911 98.4 
0.6 4.497 0.973 86.8 7.294 0.953 104.4 6.969 0.952 103.8 
1.8 5.726 0.961 97.9 - - - - - - 





affected, which was consistent with the crushing strength (Figure 26) and porosity 
(Figure 27) results of the melt agglomerates. 
 
On the other hand, the rate of drug release increased with the introduction of sucrose 
stearate and increased with higher concentrations of sucrose stearate employed and 
the rate of drug release was markedly higher for melt agglomerates added with 
sucrose stearate S770 or S1570 (Table 5b). This could partly be attributed to their 
surface active property to promote the wetting of the hydrophobic matrices as well as 
a higher drug concentration gradient resulted from higher drug content in melt 
agglomerates containing sucrose stearate S770 or S1570 during dissolution process. 
The higher drug content of melt agglomerates with increase HCO concentration as 
well as the addition of sucrose stearate, and particularly sucrose stearate S770 or 
S1570 was effected by the melt agglomeration process. With low concentration of 
HCO or sucrose stearate, the melt agglomeration process resulted in high level of 
fines formation (Figures 25a and 31a). The fines comprised of solid particles of 
lactose and drug were lost due to handling, leading to lower drug content in the 
corresponding melt agglomerates. In the present experiment set-up, the hydrophobic 
binding liquid failed to provide any realistic sustaining effect for the drug release in a 
concentration-dependent manner and the impact of the consolidation and/or increased 
binding strength brought about by sucrose stearates on retardation of drug release was 
negated by their surface active property.  
 
5. Anti-adherent property of sucrose stearates 
During the melt agglomeration process using 14 % w/w HCO, the percentage of 
material adhesion was about 6.3 ± 0.8%. When the concentration of HCO was 
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increased from 16 to 20 % w/w of the material adhesion varied between 25 to 35% 
under the same processing condition and resulted in low product yield. Despite the 
lower percentage of material adhesion in melt agglomeration using 14 % w/w HCO, 
the product consistently mainly of fine particles. With the addition of sucrose stearate, 
agglomerate growth could be promoted without excessive material adhesion. The 
average amounts of adhesion were consistently low, ranging from 4.6 to 3.3 and 2.9% 
in melt agglomeration employing 14 % w/w HCO with sucrose stearates S170, S770 
and S1570 respectively. The amount of adhesion was lower as the concentration of 
sucrose stearate was increased. The effectiveness of sucrose stearate as an anti-
adherent agent was largely related to its surface active property through increasing the 
surface polarity of molten HCO, thereby reducing the level of hydrophobic interaction 
between the molten HCO and hydrophobic PTFE-lined chamber surfaces. 
 
The anti-adhesion property of sucrose stearates was similarly demonstrated (Figures 
29 and 36) despite being used at lower concentration with higher concentration of 
HCO. In this series of experiment using 20 to 21.5 % w/w HCO, a lower percentage 
of material adhesion (typically less than 15 %) was observed, probably due to the 
shorter post-melt distribution and post-melt massing phases involved which reduced 
the residence time for material build-up. Although sucrose stearate S170 appeared to 
be comparatively less effective than sucrose stearate S770 or S1570 as an anti-
adherent agent, their anti-adherent property were important in allowing a more 
harmonic movement of the processing mass and the agglomeration process could 
progress in a more controllable manner than melt agglomeration with HCO alone. 
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B. Melt agglomeration process with magnesium stearate as additive 
1. Effects of magnesium stearate on physicochemical properties of HCO 
a. Surface tension 
The surface tension of molten HCO was significantly reduced by the addition of 
magnesium stearate (Figure 42, ANOVA: p<0.05). The magnesium stearate is a weak 
anionic surfactant consisting of a hydrophobic fatty acid tail and a polar ionic head. 




Figure 43 shows that the viscosity of molten HCO with the addition of magnesium 
stearate. The viscosity of molten HCO was significantly increased only when high 
concentration of magnesium stearate at 3 % w/w with respect to the weight of HCO 
was added (ANOVA: p<0.05). The magnesium stearate is a non-meltable salt. It was 
not appreciably soluble in molten HCO and formed a turbid suspension with HCO. 
The presence of dispersed particles of magnesium stearate probably caused the 
increase in viscosity of molten HCO only when the concentration of magnesium 
stearate was high. 
 
c. Contact angle 
The introduction of magnesium stearate did not have a significant impact on the 
contact angle of molten HCO over the powder bed (Figure 44, ANOVA: p>0.05). 
Similar to sucrose stearates S770 and S1570, magnesium stearate did not modify the 
contact angle of molten HCO over the powder bed, but it reduced the surface tension 
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Figure 44. Profile of contact angle of molten HCO over solid particles of lactose 




magnesium stearate at the interfaces of HCO, altered the surfaces contacts with the 
powder mixture of powder mixture of lactose and chlorpheniramine maleate during 
the measurement of contact angle by liquid penetration method. This led to changes in 
the liquid and interfacial surface tension which in turn negated the reduction in 
contact angle values. 
 
2. Effects of magnesium stearate on agglomeration mechanism 
Figure 45 shows that an increase in HCO concentration from 22 to 23.5 % w/w 
promoted the growth of melt agglomerates from mass median diameter of 1027 to 
1419 µm with a concurrent decrease in the percentage of fines and an increase in the 
formation of oversized agglomerates (Figure 46). This was attributed to the 
availability of a larger volume of molten binding liquid which wetted the surfaces of 
solid particles and promoted surface deformability of such particles for growth by 
coalescence and/or layering processes. In comparison to melt agglomeration runs 
which employed 20 to 21.5 % w/w of HCO (Figures 24 and 25), a higher 
concentration of HCO gave rise to a lower percentage of fines but a greater 
percentage of oversized agglomerates as well as large melt agglomerates, within a 
shorter post-melt massing time of 10 min. A further increase in HCO concentration to 
25 % w/w resulted in the formation of both fines and oversized agglomerates and led 
to a wide size distribution of melt agglomerates (Figures 45 and 46). The increase in 
the concentration of HCO from 23.5 to 25 % w/w increased the melt agglomerates 
size from 1419 to 1650 µm with span markedly increasing from 0.94 to 4.13 (Figure 
45). Clearly, a high concentration of HCO increased the risk of localized melt 
agglomeration, with HCO rich domains forming large lumps or oversized 
agglomerates. These oversized agglomerates were susceptible to breakage by the 
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 Agglomerate size (µm) 
Figure 45. Effects of magnesium stearate on size and size distribution of melt 
agglomerates produced with (a) 22, (b) 23.5 and (c) 25 % w/w HCO. Magnesium 
stearate concentration: (1) 0, (2) 0.1, (3) 0.2, (4) 0.3, (5) 0.4, (6) 0.5 % w/w. (mmd= 
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Figure 46. Effects of magnesium stearate on (a) fines and (b) oversized 
agglomerates formation in melt agglomeration processes with (c) 22, () 23.5 and 
(U) 25 % w/w HCO. 
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impeller impact forces, resulting in the production of fines in the process.   
 
A homogeneous growth of melt agglomerates could not be easily dictated by solely 
increasing the amount of HCO. Interestingly, the heterogeneity in melt agglomeration 
may be counteracted by the use of magnesium stearate as a non-meltable additive. An 
appropriate amount of magnesium stearate was found to bring about a similar increase 
in the size of melt agglomerates without markedly altering the size distribution of the 
melt agglomerates with 22 or 23.5 % w/w HCO. The span values of melt 
agglomerates varied within a narrow range of 0.78 to 0.90 in melt agglomeration runs 
using 22 and 23.5 % w/w HCO with up to 0.4 and 0.2 % w/w magnesium stearate, 
respectively (Figure 45). With 25 % w/w HCO, the span of melt agglomerates was 
narrowed with the use of 0.1 % w/w magnesium stearate but beyond that magnesium 
stearate concentration, a sharp rise in the span of melt agglomerates was obtained 
(Figure 45). The homogeneity of melt agglomeration was affected when critical 
concentrations of magnesium stearate were exceeded for different concentrations of 
HCO used. Magnesium stearate appeared to negate the size enlargement process of 
melt agglomerates when a critical or threshold concentration of magnesium stearate 
was exceeded, resulting in the production of melt agglomerates of broader size 
distribution with concurrent increase in the levels of fines and oversized agglomerates 
(Figures 45 and 46). It must be pointed out that the results of melt agglomerate growth 
associated with different HCO and magnesium stearate concentrations were not 
complicated by wet mass adhesion during agglomeration runs as the adhesion levels 
were found to be low, typically 3.22 ± 0.56, 2.45 ± 0.74 and 2.77 ± 1.09 % in runs 
using 22, 23.5 and 25 % w/w HCO respectively and was unaffected by the various 
concentrations of magnesium stearate used (ANOVA: p>0.05). The generally lower 
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wet mass adhesion associated with these melt agglomeration batches despite using 
concentrations of HCO between 22 and 25 % w/w could be due to the shorter post-
melt distribution and post-melt massing times used for this series of experiments and 
the shorter residence times reduced substantially the extents of material build-up. 
 
During melt agglomeration, the nuclei or aggregates formed through wetting of solid 
particles by the molten binding liquid were subsequently coalesced into larger 
agglomerates with the attainment of a sufficient degree of surface deformability 
through liquid saturation of the primary aggregates. This was achieved either by the 
addition of binding liquid or liquid migration from aggregate core to the exterior upon 
consolidation under impact forces thereby increasing surface wetness or plasticity. 
The consolidation and binding propensities of solid particles, bound by molten 
binding liquid within an aggregate, were governed by the delicate balance between 
frictional, viscous and capillary forces acting on the particulate system. In this present 
investigation, incorporation of magnesium stearate was found to promote growth of 
melt agglomerates without widening the size distribution except when magnesium 
stearate was used beyond a threshold concentration. Figure 47 shows that the crushing 
strength of melt agglomerates increased with the addition of magnesium stearate at 
low concentrations but declined appreciably when concentration used was beyond 0.1, 
0.2, or 0.4 % w/w magnesium stearate in runs using 25, 23.5 or 22 % w/w HCO 
respectively. As for agglomerate size, the crushing strength of melt agglomerates 
prepared using each concentration of HCO demonstrated a threshold concentration of 
magnesium stearate, beyond which a reduction in crushing strength of melt 
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Figure 47.  Crushing strength of melt agglomerates of size fraction (a) 710-1000, 
(b)1000-1400 and (c) 1400-2000 µm as a function of magnesium stearate 
concentration.  
 157
of magnesium stearate concentration appeared not to be governed directly by the 
tensile strength of the solid bridges binding the particles. Although there was a slight 
increase in the tensile strength of resolidified molten HCO, especially at 3 % w/w 
magnesium stearate relative to the weight of HCO (Figure 48, ANOVA: p<0.05), the 
crushing strength of melt agglomerates was found to be low. A decrease in crushing 
strength of melt agglomerates at high magnesium stearate concentrations was likely to 
be caused by other factors. Figure 49 shows that the pore size and pore distribution of 
melt agglomerates varied with the concentrations of HCO and magnesium stearate. In 
the case of melt agglomerates containing 25 % w/w HCO without magnesium 
stearate, there was a markedly large pore population between 0.01 to 10 µm when 
compared to the pore distributions for melt agglomerates containing 22 or 23.5 % w/w 
HCO probably due to the heterogeneity of melt agglomeration using high HCO alone 
as previously discussed. The addition of magnesium stearate at low concentrations 
could reduce the volume fraction of these pores. However, as the concentration of 
magnesium stearate increased beyond the critical concentrations at all levels of HCO, 
porous melt agglomerates were obtained. The higher porosity of these agglomerates 
contributed to the their lower mechanical strength and resulted in breakage that 
ultimately reduced the melt agglomerate size as well as increased size distribution. 
Magnesium stearate promoted the consolidation and growth of melt agglomerates in a 
concentration-dependent manner for each level of HCO employed. As magnesium 
stearate is a well-established lubricant, its effects on the inter-particulate frictional 
forces governing the agglomeration mechanism were examined. In addition, the inter- 
particulate viscous and capillary forces governing the agglomeration mechanism 
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Figure 49. Effects of magnesium stearate on pore size and size distribution of 
melt agglomerates prepared using (a) 22, (b) 23.5 and (c) 25 % w/w HCO. 
Magnesium stearate concentration: ({) 0, () 0.1, (U) 0.3 and (¯) 0.5 % w/w. 
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a. Inter-particulate frictional forces 
The inter-particulate frictional forces of powder mixture were examined through the 
measurement of powder flow properties based on tapping and avalanche methods. 
The incorporation of magnesium stearate into a powder mixture of lactose and 
chlorpheniramine maleate brought about a decrease in the values of Hausner ratio and 
Carr’s index of the powder mixture (Figure 50, ANOVA: p<0.05). Magnesium 
stearate had a smaller particle volume than those of lactose and chlorpheniramine 
maleate. It was able to adhere onto these solid particles thus leading to a reduction in 
frictional forces between the solid particles. Consequently, the powder mixture had 
better sliding properties and demonstrated improved flow. The values of Hausner ratio 
and Carr’s index were less affected when higher concentrations of magnesium 
stearate were used. The observation probably indicated that the active sites of lactose 
and chlorpheniramine maleate were fully or almost completely occupied by the added 
magnesium stearate. Thus, the introduction of successive amounts of magnesium 
stearate could not further increase powder flowability.  
 
In the case of avalanche measurement, the powder mixtures demonstrated different 
flow pattern when the concentration of magnesium stearate was varied from 0 to 0.64 
% w/w with respect to the weight of the powder mixture of lactose and 
chlorpheniramine maleate. The addition of magnesium stearate at 0.25 % w/w and 
higher changed the flow pattern of powder mixture from the mode of cataracting to 
slipping (Figure 12). With cataracting flow pattern, the powder mixtures tend to 
agglomerate due to static charges and resulted in lower flowability and cohesion 
indices as compared to those of slipping flow pattern (Figure 51). The addition of 
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Figure 50. Effects of magnesium stearate on (a) Hausner ratio and (b) Carr’s 
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Figure 51. (a) Flowability and (b) cohesion indices of powder mixtures of lactose 
and chlorpheniramine maleate as a function of magnesium stearate concentration. 
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a significant reduction in the values of flowability index from 4.4 to 3.1 (Figure 51a). 
With higher concentrations of magnesium stearate which resulted in powder flow of 
slipping manner, the flow property of powder mixtures admixed with 0.25 to 0.64 % 
w/w magnesium stearate was less affected by the addition of magnesium stearate and 
the flowability and cohesion indices of these powder mixtures appeared relatively 
constant.  
 
It was envisaged that magnesium stearate at low concentrations could induce the 
rearrangement of solid particles bound within the melt agglomerates during the 
process of agglomeration by reducing the inter-particulate frictional forces. This led to 
improved conditions for consolidation and migration of molten HCO from core to 
surfaces of melt agglomerates, as well as, transfer of molten HCO from the surfaces 
of one agglomerate to another. The summative effects were an increase in size and 
crushing strength of melt agglomerates, with a concomitant reduction or no alteration 
in size distribution of the agglomerated products. However, the formation of smaller 
melt agglomerates with wide size distribution and low crushing strength associated 
with high concentrations of magnesium stearate could not be fully explained by the 
flow properties of the powder mixture as there were minimal changes in the values of 
Hausner ratio, Carr’s index and flowability index at these higher concentrations of 
magnesium stearate. Apart from the modification of powder flow, changes in the 
physicochemical properties of molten HCO in association with the introduction of 




b. Inter-particulate viscous forces 
There was a limited increase in the viscosity of molten HCO by magnesium stearate, 
except at a higher concentration of 3.0 % w/w magnesium stearate (Figure 43). 
Theoretically, an increase in viscous forces of molten HCO with higher concentration 
of magnesium stearate was expected to promote the melt agglomerate growth through 
stronger viscous binding. This would lead to an increase in size and crushing strength 
of melt agglomerates. On the contrary, smaller melt agglomerates, with reduced 
crushing strength and wider size distribution, were produced when a high 
concentration of magnesium stearate was used. In addition, the increase in size and 
crushing strength of melt agglomerates prepared using magnesium stearate 
concentrations not exceeding 0.4, 0.2 or 0.1 % w/w in melt agglomeration with 22, 
23.5 or 25 % w/w HCO respectively, was not accompanied by an apparent rise in 
viscous forces of the molten binding liquid. It can be inferred that the viscous forces 
of molten HCO did not contribute appreciably to the changes in melt agglomeration 
behaviour with respect to the introduction of magnesium stearate. In addition to 
frictional forces, other forces acting on the solid particles could have a more essential 
role in melt agglomeration. 
 
c. Inter-particulate capillary forces 
The magnitude of inter-particulate capillary forces is dependent on the geometry of 
the gap between the contiguous bodies and the on the properties of the materials in 
contact such as surface free energy, wettability and surface roughness (Massimilla and 
Donsì 1976). As the contact property of molten HCO over the powder bed remained 
almost similar with the incorporation of magnesium stearate (Figure 44) and the 
radius of the powder substrate remained unchanged, the reduced surface tension of the 
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molten binding liquid led to the reduction in capillary forces among the solid 
particles. An appropriate magnitude of inter-particulate capillary forces would likely 
aid agglomerate consolidation by pulling the solid particles together and resist 
agglomerate dilation. Excessively high inter-particulate capillary forces would limit 
the mobility of the solid particles for consolidation or excessively low inter-
particulate capillary forces would lead to agglomerate breakage due to overwhelming 
dilation. 
 
Without magnesium stearate, HCO could not promote consolidation of the melt 
agglomerates effectively due to its surface tension and poor wetting. Pores larger than 
1 µm formed when the molten HCO contracted upon cooling. The reduction in 
surface tension of molten HCO by magnesium stearate, coupled with reduced 
frictional forces owing to the lubricant action of magnesium stearate at low 
magnesium stearate, was instrumental in inducing a greater inter-particulate 
rearrangement and facilitated agglomerate consolidation to take place. The 
consolidation of solid particle assembly induced the migration of molten HCO from 
core to exterior of melt agglomerates and this increased the surface wetness and 
deformability of melt agglomerates for growth by coalescence. Reduction in surface 
tension of molten HCO at higher concentrations of magnesium stearate eased molten 
HCO migration from agglomerate core to exterior extensively, increasing the 
incidences of overwetting and led to increased oversized agglomerates formation 
(Figure 46). Nonetheless, a further reduction in the surface tension of molten binding 
liquid would undermine the mechanical integrity of these melt agglomerates by 
lowering inter-particulate tension thereby encouraging slippage. The melt 
agglomerates became prone to breakage giving rise to increased fines (Figure 46). 
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Thus, melt agglomerates of wider size distribution, showing more oversized 
agglomerates and fines in resultant products, with an overall smaller mass median 
diameter were obtained. In addition, the simultaneous coalescence and excessive solid 
particle slippage within agglomerates inhibited the densification of the agglomerates 
as illustrated by the larger pore volume for melt agglomerates (Figure 49) and 
decreased the melt agglomerate strength (Figure 47) at high magnesium stearate 
concentration at each HCO level. The excessive solid particle slippage within 
agglomerates inversely affected the rounding of the melt agglomerates and the high 
tendency of breakage resulted in less spherical melt agglomerates when high 
concentrations of magnesium stearate were added (Figure 52) where a higher aspect 
ratio and shape factor values and lower sphericity values were resulted. 
 
Generally, the size enlargement and reduction processes of melt agglomeration 
prepared using a larger percentage of HCO were more sensitive to the changes in 
concentration of magnesium stearate (Figure 45). Formulations with 23.5 or 25 % 
w/w HCO had higher availability of molten binding liquid than formulations with 22 
% w/w HCO. This could lead to agglomerate breakage through excessive lubrication 
and reduced inter-particulate tension coupled with the reduced capillary and frictional 
forces between solid particles by magnesium stearate. The sensitivity of melt 
agglomeration process using higher HCO concentrations to the influences of 
magnesium stearate was unlikely to be related to the wetting properties of the molten 
HCO on the powder bed with the addition of magnesium stearate. Magnesium stearate 
was found not contributing to any significant changes on the contact angle of molten 
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Figure 52. Shape descriptors of melt agglomerates as a function of magnesium 
stearate concentration at different level of HCO concentration: (a) aspect ratio, (b) 




3. Melt agglomeration mechanism with addition of magnesium stearate and 
drug release characteristics 
The chlorpheniramine maleate was released from melt agglomerates at a relatively 
fast rate with more than 70-80 % of drug being released within two hours (Figure 53) 
and the time for 50 % drug release (t50) was less than 40 min (Figure 54). The drug 
release kinetics of these melt agglomerates were best described by the Higuchi’s 
dissolution model (R2 ranged between 0.930 and 0.999). The fit with other models 
such as zero order, first order and Hixson-Crowell only returned R2 values smaller 
than that of the Higuchi’s model (the r2 values attained with these models were 
smaller than 0.830). This indicated that the drug dissolution process followed the inert 
matrix release mechanism. The drug had to diffuse through the pores and crevices of 
matrix prior to their release into the dissolution medium. The incorporation of 0.1, 0.2 
or 0.4 % w/w magnesium stearate in melt agglomeration runs using 25, 23.5 and 22 % 
w/w HCO gave rise to high t50 values (ANOVA: p<0.05) beyond which a higher 
concentration of added magnesium stearate brought about a reduction in t50 values of 
the melt agglomerates. Similar to the effects of magnesium stearate on size (Figure 
45) and crushing strength of melt agglomerates (Figure 47) due to consolidation as 
previously mentioned, a critical concentration of magnesium stearate was found with 
each level of HCO with respect to the drug release profiles of melt agglomerates. The 
observation suggested that the propensity of drug release might be reduced with 
increased consolidation of melt agglomerates brought about by the magnesium 
stearate, as a denser matrix system increased the level of difficulty for drug to leach 
out from the matrix. The release mechanisms of chlorpheniramine maleate associated 
with magnesium stearate were not complicated by the wetting of the latter, unlike in 



















Figure 53. Typical drug release profiles of melt agglomerates prepared using 
HCO and magnesium stearate as additive. Magnesium stearate concentration: 0.1 % 
w/w. HCO concentration: ({) 22, () 23.5 and (U) 25 % w/w. Open symbol ({, , 
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Figure 54. Effects of magnesium stearate on t50 values of melt agglomerates 
prepared using (c) 22, () 23.5 and (U) 25 % w/w HCO. 
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greater extent of consolidation of melt agglomerates would lead to a slower release 
rate for the matrix system. 
 
Part II. Melt agglomeration using various meltable binders 
In order to further understand the impact of various forces acting on the particles on 
agglomerate growth, this part of the study reports the investigations on the role of 
various interparticulate forces on agglomerate growth by using a variety of meltable 
binders with differences in their surface, rheological and wetting properties. The melt 
agglomeration of lactose particles by meltable binders in high shear mixer was used to 
understand the forces contributed to the agglomerative mechanisms described by 
Iveson et al. (2001), which comprised of three stages: wetting and nucleation, 
consolidation and growth, and breakage and attrition. The effects of physicochemical 
properties of the binders, including viscosity, surface tension and their contact angles 
over the powder bed of lactose together with other physical properties, binder particle 
size and melting characteristics, will be discussed. The melt agglomeration outcome 
was evaluated by the determination of size and size distribution, amount of fines and 
oversized agglomerate formation, pore size distribution and shape descriptors of the 
melt agglomerates. 
 
In addition, a study of the kinetics of binding liquid drop penetration into powder bed 
important for nucleation and controlled largely by formulation properties (Hapgood et 
al. 2002), was included to investigate the effects of drop penetration kinetics on 
agglomeration behaviour. The kinetics of liquid drop penetration into powder bed is a 
function of viscosity, surface tension and the contact angle of the binding liquid over 
the powder bed as well as the effective powder bed porosity and the drop volume. It 
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was reported that a slow liquid drop penetration (controlled largely by formulation 
properties) or a high liquid drop flux onto the powder surface (controlled largely by 
processing parameters) will cause the drop to overlap and coalescence, leading to a 
broad nuclei size distribution (Litster et al., 2001, Litster, 2003), which will affect the 
subsequent processes of agglomeration. This present study seeks to understand this 
aspect of agglomeration process. 
 
A. Effects of physicochemical properties of various meltable binders on melt 
agglomeration mechanism 
1. Specific molten volume  
One of the important physical properties of meltable binders that carries great bearing 
on the growth mechanism of melt agglomerates is their molten volume. The impact of 
molten volume of HCO on the agglomerate growth had been demonstrated in the first 
part of the study. A greater availability of molten binding liquid had been proven to 
promote agglomerate growth (Heng, et al., 1999b, 2000a; Wong et al., 2000, Thies 
and Kleinebudde, 2001) under constant processing parameters. 
 
In the present study, as the specific molten volume of the meltable binders were 
significantly different at various temperatures as well as at the maximum product 
temperature encountered during the runs using 21 % w/w of meltable binders as 
shown in Figure 55, it was anticipated that the investigation of the impact of binder 
physicochemical properties, namely viscosity, surface tension and wetting properties 
on the agglomerate growth propensity would be complicated by the differences in the 
molten volume available unless the latter was to be standardized. In order to prove 
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Figure 55. Specific molten volume of the various meltable binders at temperatures 
70, 80, 90°C and maximum product temperature. 
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relative to the weight of lactose but giving rise to various molten volume of binding 
liquid was carried out. Figures 56 and 57 show the variation in size, size distribution 
and percentages of fines and lumps formation of the melt agglomerates obtained from 
the binders. For the various types of meltable binders, the molten volume could range 
from 23 to 26.5 % v/w relative the weight of lactose when 21 % w/w was used. A 
marginal positive relationship was detected between the molten volume of the 
meltable binders and the agglomerate size, based on the Pearson correlation 
coefficients between the agglomerate size and the molten volume at 80°C, r80°C = 
0.556 (p<0.05), and the maximum product temperature encountered, rmaximum product 
temperature = 0.579 (p<0.05), respectively. Keeping the processing parameters constant, a 
larger fraction of molten binding liquid would translate to a larger growth propensity 
of melt agglomerates. This experimental observation suggested that the volume of 
molten binding liquid had a considerable effect on melt agglomeration. As the present 
study sets to investigate the effects of surface tension, viscosity and contact angle of 
molten binding liquids, the influences of molten volume were thus best avoided 
through using a fixed volume of molten binding liquid for a given weight of powder 
mass in each melt agglomeration run. 
 
A second series of experiments was carried out by standardizing the binders at 24 % 
v/w (Table 6) with respect to the weight of lactose powder, to minimize the intriguing 
effect of molten volume available for particle binding on the agglomerate growth 
propensity. The amount of 24 % v/w of meltable binder was chosen by referencing 
equivalent mass-volume profile of HCO at 21 % w/w, expressed with respect to the 
























































Figure 56. The profiles of (a) size and (b) size distribution of melt agglomerates 





























































Figure 57. The percentages of (a) fines and (b) oversized agglomerates of melt 
agglomerates obtained with the various meltable binders. Meltable binder 





Weight of solid meltable binders required to prepare 24 % v/w molten binding liquid 
with respect to the weight of lactose powder. 
 
Material Weight of solid binder employed in preparation of 24 
% v/w molten binding liquida,b 
(g) 
Lactose monohydrate - 
HCO 206.7 
HSO 206.9 
Stearic acid 201.5 
Cetyl alcohol 190.8 




a Calculation is based on the specific molten volume of meltable binder at 80°C. 
b p >0.05. Level of significance was set at 0.05 for molten volume of meltable binders 
at the actual maximum product temperature for each melt agglomeration run. 
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The size and size distribution of melt agglomerates varied among batches prepared 
using different meltable binders accompanied by varying fines and oversized 
agglomerates profiles (Figures 58 and 59; ANOVA: p < 0.05) in spite of the volume 
ratio of liquid to solid was kept constant. Figure 58 shows that melt agglomeration 
using beeswax produced relatively larger agglomerates. The melt agglomerates 
prepared using HCO, HSO, stearic acid, cetyl alcohol and stearyl alcohol had 
markedly narrower size distributions and lower amounts of oversized agglomerates 
formed (Figures 58b and 59b). In contrast to the melt agglomeration employing 21 % 
w/w of meltable binders, runs using 24 % v/w of meltable binders brought about 
different melt agglomerated size profiles (Figures 56 and 58). 
 
This poses an interesting avenue for further exploration of the possible reasons behind 
the contrasting agglomeration outcome. There were several important 
physicochemical variables that were varied among these binders and could have 
implications on the formation and growth mechanisms of the melt agglomerates, 
which included viscosity, surface tension and wetting properties of the molten binding 
liquid as well as the particle size and melting range of the solid meltable binder, 
which shall be discussed in the following sections.  
 
2. Binder viscosity 
Figure 60 shows the viscosity of the meltable binders with evident differences 
(ANOVA: p<0.05) among them at the various temperatures. The viscosity values 
obtained at the maximum product temperatures were selected as the descriptors of the  
molten binding liquids as they represented the probable conditions of such liquids 

























































Figure 58. The profiles of (a) size and (b) size distribution of melt agglomerates 
































































Figure 59. The percentages of (a) fines and (b) oversized agglomerates of melt 
agglomerates obtained with the various meltable binders. Meltable binder 




























Figure 60. Viscosity of the various meltable binders at temperatures 70, 80, 90°C 
as well as the maximum product temperature encountered during each run. 
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the size and size distribution of melt agglomerates with the viscosity values of molten 
binding liquids at the respective maximum product temperatures inferred from the 
viscosity-temperature profiles of these binders determined between 70 and 90°C 
indicated that the higher viscosity binders, such as GMS and beeswax, had resulted in 
the formation of larger melt agglomerates with a wider size distribution (Table 7; 
Figures 58 and 60). During the process of melt agglomeration, a higher viscous force 
provided a higher intra-agglomerate binding strength thereby promoted agglomerate 
growth. Nonetheless, a viscous molten binding liquid would have a relatively poor 
spreading capacity and this had resulted in an uneven distribution of molten binding 
liquid. Consequently, aggregates richer in molten binding liquid could grow larger 
while aggregates with lesser binder were more prone to breakdown under the high 
shearing forces. Collectively, melt agglomerates with wider size distributions were 
produced in runs using the higher viscosity binders. Although specific current 
consumption could be used to indicate the rheological property of the powder mass, it 
might not be suitable for measuring processing mass with low viscosity, as in the 
current case which gave relative constant values (ANOVA: p>0.05). This is because 
the current consumption measurement was not sensitive enough to detect the 
rheological variation unless the resistance and frictional forces between the particles 
within the agglomerates were sufficiently high.  
 
3. Binder surface tension 
The surface tensions of the meltable binders at various temperatures are shown in 
Figure 61. Cetyl alcohol, stearyl alcohol and glyceryl monostearate had much lower 
surface tensions than other binders (ANOVA: p<0.05), probably due to their higher 
surface activities with the greater polarity due to presence of hydroxyl group in their 
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Table 7.  
Pearson correlation between the size and size distribution of melt agglomerates with 
viscosity, surface tension, contact angle and normalized drop penetration time of 
molten binding liquids at maximum product temperatures of melt agglomeration using 
24 % v/w of meltable binder. 
 
Property of molten binding 
liquid 
Mass median diameter Span 
Viscosity 0.776* 0.748* 
Surface tension 0.593* 0.122 





* significant at p < 0.05. 
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Figure 61. Surface tension of the various meltable binders at temperatures 70, 80, 
90°C as well as the maximum product temperature encountered during each run. 
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molecular structures. It was previously demonstrated that the reduction in surface 
tension could promote agglomerate growth through which the mobility of particles 
within each agglomerate could be facilitated to favour particle rearrangement for 
consolidation in melt agglomeration, as in the case of molten HCO as meltable binder 
and sucrose stearates as additive. In the case of magnesium stearate as additive, the 
reduction in surface tension could promote agglomerate growth through but only to an 
optimal level where too much of the surface tension reduction under the influence of 
additional lubrication would reverse the growth propensity of melt agglomerates. 
Nonetheless, this part of the study found that larger melt agglomerates were formed 
when molten binding liquids of higher surface tension values were employed (Table 
7; Figures. 58 and 61). Unlike the viscosity of molten HCO with additives, some 
meltable binders of the present study had markedly low viscosity values, typically less 
than 10 mPa.s (Figure 60). In addition, there were no semisolid binder particles which 
were expected to enhance the binding strength between the solid particles which 
formed the melt agglomerates. In the absence of good binding conditions afforded by 
reasonably high viscosity molten binding liquid, an increase in surface tension of 
molten binding liquid provided the essential binding strength for solid particles to 
adhere and remain robust as melt agglomerates. An excessively low surface tension 
could undermine the tensile strength of the liquid bridges thereby leading to weaker 
and smaller melt agglomerates.  
 
The differences in chemical bonding nature of the meltable binders would complicate 
the interpretation of crushing strength of the melt agglomerates and the relationship 
between crushing strength and consolidation of the melt agglomerates. For example, 
based on the tensile strength measurement of the resolidified molten liquid of the 
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binders, cetyl alcohol (30 N/g) and stearyl alcohol (40 N/g) showed higher strength 
than HCO (15 N/g) and HSO (17 N/g) (ANOVA: p<0.05). Presence of hydrogen 
bonding among the alcoholic meltable binders could render them stronger than the 
more hydrophobic HCO and HSO meltable binders in addition to differences in 
molecular packing. Hence, direct measurement of the melt agglomerate crushing 
strength was less useful to indicate the consolidation state of the melt agglomerates as 
compared to porosity measurement. Figure 62 shows the pore sizes and size 
distributions of melt agglomerates prepared using various meltable binders. Melt 
agglomerates prepared using meltable binders with low surface tension like cetyl 
alcohol and stearyl alcohol had a notably greater population of pores sized between 1 
and 10 µm (Figures 62d and 62e) when compared to those of prepared using other 
meltable binders. In the absence of sufficient surface tension and viscous forces 
(Figures 60 and 61), the intra-agglomerate solid particles were not adequately bound 
by these molten binding liquids. As a result, these porous aggregates were more prone 
to be broken down into smaller agglomerates and gave rise a large fraction of fines 
(Figures 58 and 59). In the case of melt agglomerates prepared using HCO, HSO and 
stearic acid, larger agglomerates with reduced fines fractions were obtained when 
compared to runs using cetyl alcohol and stearyl alcohol (Figures 58 and 59). HCO, 
HSO and stearic acid had higher surface tensions and viscous forces than cetyl 
alcohol and stearyl alcohol (Figures 60 and 61). The agglomerates produced using 
HCO, HSO or stearic acid had lower fractions of pores sized between 1 and 10 µm. 
Although the pore volume difference could be due to the differences in the volume 
occupied by the binders per unit weight upon cooling causing varying degree of 
fissures to the melt agglomerates, the relationship between the porosity of the melt 









































































































Figure 62. The pore size and size distribution of melt agglomerates prepared using 




r=-0.545, p<0.05). The consolidation state of the melt agglomerates was the main 
factor in determining the melt agglomerate pore size distribution. The aggregates 
prepared using HCO, HSO and stearic acid were less likely to dilate under the 
influence of higher surface tension and viscosity, and were less prone to breakage 
under the shearing forces of impeller rotation and growth of melt agglomerates was 
promoted to a greater extent than that of cetyl alcohol and stearyl alcohol. Among all 
meltable binders, the molten beeswax was most viscous and had the highest surface 
tension (Figures 60 and 61). The melt agglomerates prepared using beeswax had the 
largest mass median diameter, span and percentage of lumps, as well as, the lowest 
percentage of fines (Figures 58 and 59). The agglomerates had a population of pores 
between 1 and 10 µm as well as at about 0.1 µm. Strong binding forces brought about 
by high viscous forces and surface tension of the molten beeswax could probably aid 
the intra-agglomerate binding solid lactose particles thus resulting in the formation of 
submicron pores and a reduction in the fraction of pores larger than 1 µm. Melt 
agglomerates prepared using beeswax also tend to be less spherical as indicated by the 
higher aspect ratio but lower circularity and shape factor values (Figure 63), probably 
limited by the strong binding forces that negated that rounding propensity of the melt 
agglomerates. The formation of submicron pores was not likely to be due to liberation 
of crystallization water from lactose, as there was absence of water vapor condensed 
on the viewing glass of the processing chamber similar to experiments using HCO as 
meltable binder added with additives, the maximum product temperature encountered 
in the present experiment was generally low with an average value of 76°C and the 
hydrophobic nature of the meltable binders could have prevented the escape of water 
of crystallization of lactose. The melt agglomerates prepared using GMS had similar 



































































Figure 63. Shape descriptors of melt agglomerates prepared using various 




to be less spherical than melt agglomerates prepared with other meltable binders 
(Figure 63). These two meltable binders were relatively more viscous than the other 
meltable binders (Figure 60) and they produced melt agglomerates of almost similar 
size and size distribution as well as percentages of fines and oversized agglomerates 
(Figures 58 and 59). Practically, the viscosity of molten binding liquid had a stronger 
bearing than the surface tension of the same liquid on the outcome of melt 
agglomeration. The extent of correlation between the size of melt agglomerates and 
the viscosity of molten binding liquids was greater than that of the surface tension of 
the same liquids based upon the r values obtained from the Pearson study (Table 7). 
Both size and size distribution of the melt agglomerates were affected by the viscosity 
of the molten binding liquid, whereas the surface tension of the molten binding liquid 
had only a significant influence on the size of the formed products (Table 7).  
 
4. Contact angle 
The wetting properties of molten binding liquid over the solid particles of lactose 
were evaluated with their contact angles. There was significant difference in the 
contact angles of the meltable binders with beeswax having the lowest and GMS 
having the highest values (Figure 64, ANOVA: p<0.05) at all the individual 
temperature tested. Although based on the Young’s equation, it was expected that 
beeswax having a high surface tension should give rise to a bigger contact angle than 
those of other meltable binders, the differences in the molecular density and polarity 
of the liquids (Pyter et al., 1982; Rowe, R.C., 1989; Parker et al., 1991; Luner et al., 
1996) which subsequently could have affected the spreading tendencies of the molten 
liquids over lactose would render the contact angle of meltable binders not entirely 
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Figure 64. Contact angle of the various meltable binders over the solid particles of 
lactose at temperatures 70, 80 and 90°C. 
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Practically, the contact property of molten binding liquid was not significantly 
affected by the experimental temperature (Figure 64; ANOVA: p > 0.05). As such, the 
probable contact angle of molten binding liquid over the lactose powder bed at the 
maximum product temperature of melt agglomeration was assumed to be comparable 
to those of determined from 70 to 90°C. Apparently, the contact angle of molten 
binding liquid over the lactose powder bed was found to have no significant bearing 
on the size and size distribution of the melt agglomerates (Table 7). Similar to the 
previous findings of HCO added with sucrose stearate or magnesium stearate, the 
viscosity and surface tension of molten binding liquid were the main determinants of 
the physical attributes of melt  agglomerates. 
 
5. Drop penetration time 
The drop penetration time was defined as the time taken for a drop of molten binding 
liquid to penetrate completely into the porous lactose powder bed with no liquid 
remaining on the surface. A higher penetration speed of molten binding liquid drop 
into the lactose powder bed was translated to a shorter drop penetration time. The 
speed of liquid drop penetration into a powder bed is dependent on viscosity, surface 
tension, contact angle and volume of the liquid drop, as well as, pore radius of the 
powder bed (Hapgood et al., 2002). During the process of agglomeration, the speed of 
binding liquid imbibed into the solid particles would directly affect the profile of 
nuclei formation. This in turn had a strong bearing on the size and size distribution of 
agglomerates produced following nuclei coalescence and growth. The drop 
penetration time was related to the wetting thermodynamics and kinetics as expressed 







Vo    Equation (24) 
where  was the drop penetration time, τ γ , θ , µ and  were the surface tension, 
contact angle, viscosity and drop volume of the molten binding liquid respectively, 
and R and ε  were the pore radius and porosity of the lactose powder bed respectively. 
In the present study, the R and 
oV
ε  of the powder bed were regarded as constant 
throughout all experiments as the lactose mass was packed under the same condition. 




of the molten binding liquid. There was a significant empirical correlation of 
normalized drop penetration time with θγ
µ
cos
value of molten binding liquids derived 
from the measurement of viscosity, surface tension and contact angle of these binders 
at 80°C (Pearson correlation: r = 0.965, p < 0.05). The findings indicated that the 
composite viscous, capillary and wetting effects of the molten binding liquid on melt 
agglomeration might be possible to be examined through the characterization of 
normalized drop penetration time of these meltable binders.  
 
It was reported that a slow penetration rate of liquid drop into the powder bed was 
translated to the possibility of such liquid drops to overlap and coalescence during the 
process of agglomeration thereby leading to the formation of nuclei with a broad size 
distribution (Litster et al., 2001, Litster, 2003). Melt agglomeration using molten 
binding liquid characterized by a longer normalized penetration time brought about 
the formation of a product with a wider size distribution (Table 7; Figures 58b and 
65). Expectedly, a more viscous molten binding liquid had a poorer spreading 

































































Figure 65. The profile of normalized molten binding liquid drop penetration time 
of various meltable binders at 70, 80 and 90ºC, as well as, at the maximum product 
temperature of melt agglomeration for each binder. 
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liquid had no marked effects on the size distribution of the formed agglomerates 
(Table 7), the formation of melt agglomerates with a narrow size distribution thus 
required a less viscous molten binding liquid. 
 
The use of molten binding liquid characterized by a longer normalized drop 
penetration time was accompanied by the formation of relatively larger melt 
agglomerates (Table 7; Figures 58 and 65). Using low viscosity meltable binders, the 
surface tension and particularly the viscous forces of the molten binding liquid were 
essential vectors to promote the melt agglomeration through affecting the strength of 
intra-agglomerate binding of lactose particles in addition to their influence on the 
imbibition rate of molten binding liquid across the powder bed affecting the nuclei 
formation process. Practically, a more viscous molten binding liquid would have a 
greater ability to bind the melt agglomerates allowing the latter to be less likely to 
shear apart under the impeller impact. Consequently, larger melt agglomerates with a 
smaller fraction of large pores were obtained (Figures 58a and 62) and these binders 
tend to give rise to melt agglomerates with submicron pores. 
 
6. Binder particle size  
From the previous study of Wong et al. (1999), the viscosity of molten binding liquid 
was found to have a greater influence than binder particle size on the process of melt 
agglomeration. The binder particle size was reported to have a marginal effect on the 
process of melt agglomerate formation when low viscosity binders, with typical 
viscosity values between 100 and 1000 mPa.s at 70 to 90°C, were used (Schæfer and 
Mathiesen, 1996a). The resultant observation was ascribed to the ease of breakdown 
of low viscosity molten binding liquid droplets under high shearing forces thereby 
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leading to a reduction in the difference of particle size between the molten binding 
liquid droplets of various binders. In the current case, the viscosity values of all 
molten binding liquids at 70 to 90°C were lower than 35 mPa.s. As such, it was 
expected that the correlation between the binder particle size with agglomerate size 
(Pearson correlation, r = 0.507, p<0.05) and size distribution of the melt agglomerates 
(Pearson correlation, r = -0.200, p>0.05) would not be strong. The solid binder 
particle size had minimal effect on the agglomerate size and size distribution. 
Similarly, the size distribution of the solid binder particles had limited correlation 
with the agglomerate size (Pearson correlation, r = 0.398, p<0.05) and size 
distribution (Pearson correlation, r = -0.413, p<0.05). The size and size distribution of 
melt agglomerates was predominantly governed by other physicochemical attributes 
of the meltable binders. A deliberate act to reduce the particle sizes of GMS from 
459.7 ± 8.8 µm to 107 ± 8.1 µm, as well as, beeswax from 1352.7 ± 31.5 µm to 415 ± 
14.9 and 118.9 ± 0.3 µm prior to melt agglomeration did not bring about marked 
changes to the sizes and size distributions of the products produced (Figures 66 and 
67). The mass median diameter of melt agglomerates produced using the coarse and 
fine fraction of GMS were 1047 ± 26 and 1016 ± 85 µm respectively, and the 
corresponding span of melt agglomerates for the coarse and fine fraction of GMS 
were 10.9 ± 1.8 and 8.2 ± 2.2 respectively. The mass median diameters of melt 
agglomerates were 1335 ± 12, 1360 ± 35 and 1399 ± 91 µm with the corresponding 
span values of 4.9 ± 0.1, 5.2 ± 0.3 and 5.8 ± 1.2 when the coarse, moderately fine and 
fine fractions of beeswax were used. The size and size distribution of the solid binder 































Figure 66. Effects of binder particle size on agglomerate size and size 































Figure 67. Effects of binder particle size on agglomerate size and size 





7. Binder melting nature 
Typically, the melting peak temperatures of the meltable binders varied from 50.8 to 
69.6°C (Table 2). The melting temperature range of the same binders varied from 10 
to 15°C except that of the beeswax of which a markedly wider melting temperature 
range of 23°C was noted. Evrard et al. (1999) reported that melt agglomeration 
employing a meltable binder with a wide melting temperature range could result in a 
lower rate of melt agglomerate growth thereby giving rise to the formation of smaller 
agglomerates. Nonetheless, the contrary observation was noted in the present study 
using the beeswax as meltable binder, which produced markedly larger melt 
agglomerates and poor Pearson correlation between the melting range of meltable 
binders with the melt agglomerate size was resulted (r = 0.519, p<0.05) and no 
significant correlation could be established between the melting range of meltable 
binders with the size distribution of the melt agglomerates (r = 0.281, p>0.05). In 
addition, there was no significant correlation found between the melt peak 
temperature with the size (Person correlation, r = 0.192, p>0.05) and size distribution 
of the melt agglomerates produced (Pearson correlation, r = 0.132, p>0.05). The 
melting characteristics of the solid binder had relatively little role in agglomerate 




Melt agglomeration is an ideal model to elucidate the mechanism of agglomerate 
formation and growth as the interpretation of agglomeration outcome is not 
complicated by the evaporation of binding liquid. Although a substantial amount of 
work has been carried out on melt agglomeration process in high shear mixer using 
hydrophilic meltable binders such as polyethylene glycols, the findings are not fully 
applicable to hydrophobic meltable binders due to varying physicochemical properties 
of the latter than those of the former. The agglomerative capabilities of hydrophobic 
meltable binders remain not fully understood.  
 
The investigation of melt agglomeration process in high shear mixer using a 
hydrophobic meltable binder, hydrogenated cottonseed oil (HCO), in combination 
with additives of varying meltability, showed that the agglomerative capability of the 
meltable binder was highly dependent on the viscosity and surface tension of the 
molten binding liquid. This finding is also found to be similar when melt 
agglomeration process was carried out using a variety hydrophobic meltable binders 
with varying physicochemical properties. 
 
When HCO was added with sucrose stearate S170, a completely meltable additive, the 
viscosity and specific volume of the molten binding liquid were increased 
significantly whereas when HCO was added with sucrose stearate S770 or S1570, 
both partially meltable additives, with sucrose stearate S1570 the least meltable, the 
surface tension of the molten binding liquid was reduced. An increase in viscosity of 
the molten binding liquid enhanced the inter-particulate binding strength thereby 
promoted the growth of agglomerates. Alternatively, the growth of melt agglomerates 
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was promoted by a reduction in the surface tension of the molten binding liquid 
through reduced inter-particulate tension, increased particle rearrangement and 
consolidation leading to migration of molten binding liquid from core to the surfaces 
of agglomerates and enabling agglomerates to grow by coalescence through increased 
surface plasticity and deformability. The growth of melt agglomerates was 
uncontrollable when high concentrations of sucrose stearate S170 were added owing 
to the effects of increased viscosity and specific volume of molten binding liquid. On 
the contrary, the growth propensity of melt agglomerates was gradually diminished 
with high concentrations of sucrose stearates S770 and S1570. At high concentrations 
of sucrose stearates S770 and S1570, the consolidation extent of melt agglomerates 
was marginal, owing to limited changes in the surface tension of the molten binding 
liquid and limited rise in the volume of molten binding liquid at the agglomerate 
surfaces needed for agglomerate deformation and growth. Nonetheless, when the 
molten volume of binding liquid was increased to a higher level, the reduction in 
surface tension of molten binding liquid could lead to continuous progressive 
agglomerate growth if the extent of surface tension was adequate. On the other hand, 
when the extent of surface tension reduction was too great, the agglomerate growth 
would be negated due to excessive sliding and breakage of the melt agglomerates. 
 
The use of magnesium stearate as the non-meltable additive brought about a rise in 
size and crushing strength of melt agglomerates until a critical concentration of 
magnesium stearate was reached. Beyond the critical concentrations of magnesium 
stearate, a heterogeneous breakdown of melt agglomerates ensued, giving rise to the 
formation of smaller melt agglomerates with reduced crushing strength and wider size 
distribution. At low concentrations, magnesium stearate reduced the frictional forces 
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of the powder bed and capillary forces of the molten HCO. This promoted 
agglomerate consolidation through solid particle rearrangement and subsequent 
growth through increased agglomerate surface wetness as the molten HCO migrated 
from agglomerate core to exterior. At high concentrations of magnesium stearate, 
excessive migration of molten HCO from core to exterior of melt agglomerates and 
solid particle slippage were in place, giving rise to the formation of loosely bound 
melt agglomerates which were prone to breakage. The critical concentration values of 
magnesium stearate in association with the latter observation, decreased with an 
increase in the percentage of added HCO. High percentages of HCO aided particle 
slippage via excessive lubrication and this in turn augmented the effects of 
magnesium stearate in melt agglomerate consolidation and breakage. 
 
Based on the study of melt agglomeration process using a variety of hydrophobic 
meltable binders, larger melt agglomerates with submicron pores were obtained when 
the molten binding liquid employed in melt agglomeration had higher viscosity and 
surface tension values. Contrary to the earlier findings, an increase instead of a 
reduction in surface tension of molten binding was needed to promote the growth melt 
agglomerates. This is because in the absence of sufficient intra-agglomerate solid 
particle binding forces, particularly with meltable binders of extremely low viscosity 
(of typically less than 10 mPa.s), a relatively higher surface tension of molten binding 
liquid was more conducive for the agglomerate growth with low tendency of 
agglomerate dilation. The size distribution of melt agglomerates was mainly affected 
by the viscosity of the molten binding liquid of which a more viscous molten binding 
liquid would lead to the formation of melt agglomerates with a wider size distribution. 
The wetting property of molten binding liquid had no remarkable influence on the 
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size and size distribution of the formed products. The size and size distribution of the 
melt agglomerates were related to the measurement of normalized drop penetration 
time of molten binding liquid droplet over the lactose powder bed, attributed to the 
changes in viscosity and surface tension of the molten binding liquid. The binder 
particle size and melting characteristics were found to play little role in the 
agglomerate formation and growth processes. 
 
This study showed that the mechanisms of agglomeration are governed by the 
interplay between the capillary, viscous and frictional forces acting among the solid 
particles and the importance of physicochemical properties of binding liquid, 
particularly, viscosity and surface tension, on the formation and growth of 
agglomerates is unequivocal. Modifications in the physicochemical properties as well 
as the solid particles that alter the balance of these forces will ultimately affect the 
agglomeration outcome. With hydrophobic meltable binders, which often associated 
with low viscosity values, an increase in viscosity will generally promote agglomerate 
growth whereas a reduction in surface tension will have dual effect on the 
agglomerate growth propensity. Under the influence of sufficient binding forces 
among the solid particles within each agglomerate, a reduced surface tension of 
molten binding liquid enabled particle rearrangement and consolidation that 
ultimately enhanced surface deformability for agglomerate growth with more liquid 
being squeezed out from the core to the surfaces during the process of particle 
rearrangement and consolidation. However, if sufficient binding forces were absent 
among the solid particles, an increase in surface tension of molten binding liquid was 
much needed to pull the solid particles together for agglomerate growth to take place. 
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If not, excessive sliding and breakage of melt agglomerates will occur that would 
negate the agglomerate growth process. 
 
The elucidation of the effects of physicochemical properties of hydrophobic meltable 
binders on melt agglomeration process resulted in a better understanding of the 
mechanism of melt agglomeration with hydrophobic meltable binders, and this will 
assist future optimization of melt agglomeration process and design of controlled-
release formulations with these binders. 
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